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Passive Reflector-Antenna Systems 


R. E. GREENQUIST and A. J. ORLANDO 


Introduction 


IN RECENT YEARS a new type of antenna 
system has come into use in the microwave 
radio relay field which enables simpler 
and more economical tower construction 
to be employed. The artist's sketch, Figure 
1, shows a typical relay station using 
passive reflector-antenna systems. All of 
the radio equipment is located in the 
building at the base of the tower. Con- 
ventional parabolic antennas inside the 
building radiate through a low dielectric 
constant material (plexiglass, fiberglass, 
etc.) in the roof, and illuminate plane 
rectangular reflectors mounted at a 
45-degree elevation angle at the top of 
the tower. These reflectors reradiate the 
energy incident upon them in a directive 
manner toward the next relay point. 

There are, of course, many possible 
variations of this type of antenna system. 
Though the usual reflector is a 45-degree 
plane rectangular reflector, there is no 
reason why it cannot be oriented at angles 
other than 45-degree, nor why it need be 
rectangular or even plane. The feed an- 
tenna in the system is not restricted to the 
parabolic antenna but may be any of the 
directive antennas commonly used at 
microwave frequencies. 

A variation of this system, and perhaps 
the first use of the plane reflector in this 
connection, is a plane reflector located at 
а point on the path between two active 
repeaters. The reflector cannot be consid- 
ered a part of the antenna system of either 
repeater, in this case, but is a complete 
repeater in itself. Because the plane re- 
flector merely reradiates the energy inci- 
dent upon it, this repeater is termed a 
Passive repeater in contrast to the usual 
repeater where power is added. The term 
Passive reflector is used also to describe 
this type of repeater and the terminology 
has been carried over to describe the 
antenna system using a plane reflector in 
à similar manner. 

Western Union became interested in 
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this type of antenna system because of the 
large reduction in tower costs that could 
be effected, and the advantages inherent 
in having all of the radio equipment at 
ground level without resorting to a long 
wave-guide or coaxial cable transmission 
line between the radio equipment and the 
antenna. 

Since no previous test information or 
experience was available, early in 1951 
Western Union planned extensive tests of 
passive reflector-antenna systems to deter- 
mine their performance characteristics, 
An experimental tower, shown in Figure 2, 
was erected at Monsey Heights, New York, 
and tests were conducted at this site and 
over the 27.8-mile path to the Western 
Union building in New York City. The 
test equipment and parabolic antennas 
were mounted on mobile antenna carts, 
as shown in Figure 3, 

In conjunction with the test program, a 
theoretical study of the passive reflector- 
antenna system was made. The radiation 
characteristics of paraboloidal and plane 
reflectors are determined by applying the 
Huygens-Fresnel-Kirchoff concepts of 
physical optics to the reflector apertures. 


employing passive reflector-ontenna systems 


з 


The fact that methods of physical optics 
are applicable makes it easier to visualize 
what occurs in the antenna system because 
of the analogies to familiar light phe- 
nomena. 

It might be well to mention that analo- 
gies between microwaves and light can be 
misleading if the levels of observation are 
not the same. Monochromatic light must 
be considered in any analogy because 
antenna radiation is essentially at a single 
frequency, that of the carrier. If radia- 
tions at light and microwave frequencies 

illuminate circular apertures ten wave 
lengths in diameter, the radiation patterns 
produced by the apertures will be identi- 
cal. However, at 4000 megacycles the 


Figure 2. Experimental tower at Monsey Heights, 
New York 


diameter of the aperture would be 30 
inches, while at 5461 Angstroms, the vis- 
ible green line in the mercury spectrum, 
the aperture would be 2.15 X 10—* inches 
in diameter. 


Apertures 


The term aperture as used in antenna 
theory does not necessarily imply a physi- 
за 


cal opening. A reflector-type antenna 
defines an aperture which may be treated 
as though it were a physical opening in an 
infinite plane. This aperture is defined by 
passing a plane normal to the direction 
of the reflected energy in the immediate 
vicinity of the reflector so that there is a 
power flow through the plane over a finite 
area. That finite area is the aperture of 
the reflector and energy is considered to 
arrive at the plane of the aperture by 
methods of geometrical optics. When the 
size and shape of the aperture are defined 
and the field intensity and phase distribu- 
tion across the aperture are known, the 
manner in which the field in the aperture 
arises is no longer a consideration in deter- 
mining the radiation characteristics of the 
antenna. 

With a paraboloidal reflector the plane 
is chosen through its mouth. Thus the 
power flow through the plane is confined 
to a circular region the same size and 
shape as the mouth of the paraboloid. The 
nature of a paraboloidal reflector is such 
that all energy incident upon it from its 
focal point is reflected and arrives in 
phase at the plane of its mouth. A para- 
boloidal reflector illuminated from its 
focal point can thus be treated as a cir- 
cular aperture illuminated by a plane 
wave. 

"When a 45-degree plane rectangular 
reflector is considered, the plane is chosen 
coincident with the plane of the reflector 
thereby defining an aperture of the same 
size and shape as the reflector. Since 
energy illuminating the reflector is inci- 
dent at an angle with the normal, a plane 
wave produces a phase distribution across 
the aperture which is not plane but 
varies linearly. In analyzing this condi- 
tion, the assumption is made that the 
radiation pattern produced would be the 
same as that produced by a constant phase 
aperture rotated through an angle; that 
is, the aperture is projected upon a plane 
normal to the reflected rays and the pro- 
jected aperture is considered to be illumi- 
nated by a plane wave incident normal to 
it. This assumption is valid only because 
highly directive antennas are being con- 
sidered and most of the energy is confined 
to angles close to the direction of maxi- 
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mum radiation intensity where the ap- 
proximation and the actual case differ by 
а negligible amount. The plane reflectors 
used in the Monsey tests were rectangular 
and of such dimensions that their pro- 
jected areas were square when they were 
oriented at a 45-degree elevation angle. 
‘Thus these 45-degree plane reflectors can 
be treated as square apertures illuminated 
by a plane wave incident normal to the 
aperture. 


Radiation Intensity 


The Huygens-Fresnel-Kirchoff concepts 
of physical optics applied to both circular 
and square apertutes have been exten- 
sively treated in the literature. Based 
upon these 
concepts, an 
expression 
for the radia- 
tion intensity 


Ф of an 
aperture can 
be derived as 
a function of 
the radiation 
intensity. of 
an elemental 
Huygens’ 


source d 


and the aper- 
ture diffrac- 
tivity S. The 
radiation in- 
tensity in 
any given 
direction is defined as the power radiated 
from an antenna per unit solid angle in 
that direction. 


2 
Ф= Ф,5 watts/solid angle 


‘The radiation intensity of an elemental 
Huygens’ source is given by the expression 


2 
a= ERI (+ 8)y*- 


The aperture diffractivity is a function 
of the manner in which the elemental 
Huygens' sources are arrayed in space 
and their relative field intensities and 
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phases. Thus the aperture diffractivity 
relates the radiation intensity to the size 
and shape of the aperture and the distri- 
bution, both in amplitude and phase, of 
the Huygens’ sources in the aperture. 

It is the determination of the aperture 
diffractivities for the apertures encount- 
ered in the passive reflector-antenna sys- 
tem under discussion with which this 
article will be concerned. Since the phase 
distribution in all of the apertures under 
consideration is plane, or very nearly so, 
the discussion will not consider phase 
distribution other than plane. The aper- 
ture diffractivity of an aperture will then 
be considered as a function of the size and 
shape of the aperture and the field inten- 
sity distribu- 
tion in the 
aperture. 


Diffraction 
Zones 


The radia- 
боп pattern 
of primary 
interest in 
antenna 
work is the 
Fraunhofer 
diffraction 
pattern of 
the antenna 
aperture. 
Such pat- 
terns are 
usually 
showngraph- 
ically, nor- 
malized with respect to the peak value, 
for one or both of the principal planes 
‘The patterns are a graphical representa- 
tion of the radiation intensity normalized 
and plotted as a function of direction. The 
direction is represented by f , which is 
the angle measured away from the normal 
to the center of the aperture. 

‘The Fraunhofer diffraction pattern of 
the aperture is the pattern which exists in 
what is called the Fraunhofer region of 
the diffraction field. Though no sharp 
transitions occur, there are three general 
zones in the diffraction field of the aper- 
ture which are discussed briefly in the 


LIST OF SYMBOLS 


9 Angle measured away from the 
normal to the center of the aperture 
$ Angle representing planes perpen- 
dicular to the aperture and passing 
through the center of the aperture 


Functional expression for the арег- 
ture diffractivity 


Ф General expression for the radia- 
tion intensity 


р Radial distance from the center of 
the aperture to any point in the 
plane of the aperture 


fj Radial distance normalized to a 
peak value of one with respect to 
the dimension in the principal plane 
of an aperture. 


р Parameter which defines the degree 
of the circular aperture amplitude 
taper 


Power 
Wave length 
Diameter of a circular aperture 


Dimension of a square aperture 


зое >» 0 


Distance of separation between the 
parabolic antenna and the 45-degree 
plane reflector 


S Distance of separation between the 
45-degree plane reflector and the 
distant antenna 


M) Intrinsic impedance of free space 
Е, 


Electric field intensity of a Huygens" 
source 


A Aperture area 
Ш Reduced angle fora square aperture 
v 


Reduced angle for a circular aper- 
ture 


А (V). Spherical Bessel function of the nth 
order (tabulated) 


Illumination at the edge of the aper- 
ture in a principal plane 


8 
Ns Power normalizing factor 


C (x) Cosine Fresnel integral 


S(x) Sine Fresnel integral 
а Attenuation between isotropic an- 
tennas 


G Directive or power gain of an 
aperture 


G System gain of an antenna or group 
of antennas 


226 Gain factor 


following paragraphs. 

First is the near zone which exists in 
the first few wave lengths in the immediate 
vicinity of the aperture. The diffraction 
pattern in this zone is approximately that 
which would be obtained by considering 
geometrical propagation of rays through 
the aperture with only small variations 
across the wave front due to interference. 
The boundary of the field in this zone is 
sharply defined. 

The next zone is called the Fresnel 
region and is characterized by the onset 
of diffusion and the disappearance of the 
sharp boundary. The major portion of the 
energy still appears to be propagating 
according to geometric optics but with 
more pronounced variations in intensity 
" 


across the wave front due to interference 
effects. 

The far zone is called the Fraunhofer 
region and the field in this zone appears to 
be diverging from a point source in the 
aperture. Once the Fraunhofer region has 
been reached there are no further changes 
in the nature of the diffraction field as the 
distance from the aperture is increased, 

Although the transition between zones 
is gradual, the criterion for the minimum 
distance which can be considered in the 
Fraunhofer region has been arbitrarily set 


as UA or 2L. with the latter being 


preferred. The dimension L is the maxi- 
mum dimension of the aperture. Later in 
this discussion it will be seen tbat the 
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separation between component antennas 
in passive-reflector systems may fall be- 
tween the criteria mentioned. However, 
the antennas are treated as though they 
operate in the Fraunhofer region and the 
gain is corrected by a factor, introduced 
later in the discussion, which takes into 
consideration the decrease in gain which 
occurs when they operate in the Fresnel 
region. Unless stated otherwise, the radia- 
tion characteristics of an antenna are those 
in the Fraunhofer region. 


Aperture Diffractivities and 
Radiation Patterns 


Тһе expression for the aperture dif- 
fractivity of a circular aperture of diam- 


eter d, with a uniform field intensity 
distribution, is of the familiar form 


та? 


where V із a reduced angle equal to 
(та/ А) ѕіп Ө, апа A, (У) isa spher- 


ical Bessel function. This expression гер- 
resents the aperture diffractivity in all 
planes passing through the center of the 
aperture. The radiation intensity is then 


e-e (3) atv) 


The maximum value of Ф occurs when 

А? (v )is maximum. This occurs at = О 
2 2 

degrees where Д, (V) =A, (0) = 


х4*\* 
Фк x Ф, ( 4 ) 
Since the apertures under consideration 


are highly directive, the obliquity factor 
(1+cos 8) & 2 for small angles of 0 . 


M 
For a given aperture Po ana (197) 


сан 


are constant and the radiation intensity 
varies directly as x (v) . This spherical 


Bessel function squared represents the 
normalized radiation pattern of the aper- 


ture. The function A, (У) is tabulated 
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The circular aperture defined by the 
parabolic antenna in the passive reflector- 
antenna system under consideration is not 
uniformly illuminated. An aperture field 
distribution is produced by the primary 
feed (an E-plane sectoral horn) such that 
the illumination at the edge of the aperture 
is 10 db below that at the center. Spencer 
and Silver considered a series of circular 
aperture field intensity distributions of 
2 
the form ( 17 г2)? , where р was a posi- 
tive integer, but in this analysis it was 
found that P need not be limited in this 
manner. The aperture field distribution 


; 
was then approximated by (| - p 


where Ё, is the normalized radial distance 
(р = 2p/d) trom the center of the cir- 


cular aperture to any point in the aperture. 
In the manner employed by Silver, the 
aperture diffractivity was found to be 

2 


2 
= 29) 3 AVV 


in all planes passing through the center 
of the aperture. The radiation intensity is 


2 
Ф: (9) oy M. 
and the maximum value occurs at ĝ = О 


degrees where As, (v) ED =|. Thus, 


* |? 
5 Td 4. 
Pax? &( 4 ) 9 
The normalized radiation pattern of the 


2 
aperture varies directly as A, (V) and 


% 
values of the function Л, (V) can be 


% 
obtained from tables. 

When a square aperture (of dimension 
Q) is uniformly illuminated, the expres- 
sion for the aperture diffractivity in any 

^ 


plane ф passing through the center of 
the aperture is given by 


s = ar (53A) ing) 


where Asu cos ¢, 
Bsusin $, 
and 
u=: 72 sin 8 


Setting $ = О degrees gives the aperture 
diffractivity in a principal plane as 


_ са simu 
Sea U 


The radiation intensity in the principal 


plane becomes 
А 
4 Sinu 
$:4, а? Sp 


The maximum value of the radiation in- 


tensity occurs at 0 = О degrees and is 


5 4 
So Po 0 
The normalized principal plane radiation 
M 
patterns vary directly as Sin" U/U* , 


which is a tabulated function. 

The square aperture in the passive re- 
flector-antenna system is illuminated by a 
portion of the main lobe of the parabolic- 
antenna radiation pattern. The aperture 
field intensity distribution in the square 


aperture is thus Ay, Ul iss ath plenes 


passing through the center of the aper- 
ture. This field intensity distribution is 
approximated by a circularly symmetri- 
cal parabolic distribution of the form 


1= (1-8) PE. This approximation, which 
is restricted to that portion of the main 
lobe illuminating the square aperture, con- 
siderably simplifes the integration to 
determine the diffractivity of the square 
aperture. The illumination at the edge of 
a 


the aperture (in a principal plane) relative 
to а peak value of one at the center is È 
where S |. The variable Ё. is the nor- 
malized radial distance from the center of 
the aperture to any point in the aperture 
(a, 2 p/a). The analysis is similar to 


that employed by Silver in his considera- 
tion of a rectangular aperture with a 


2 
17 (I-A) х distribution in the X-direc- 


tion and a uniform field intensity distribu- 
tion in the y-direction. The aperture 


diffractivity in any plane passing through 
the center of the aperture is found to be 


S=a° 


[(S25)(88B) (25-1) + (228) 


sin A sinB 
{635a + (208) aij] 

The aperture diffractivity in the prin- 
cipal planes is obtained by setting the 
angle ф =O degrees. The diffractivity 
reduces to S= a" 

48-1) sin (2-28 
[( 3 ) (a) +6 3 ay] 
The radiation intensity in the principal 
planes is then фф, g* 


(Aer) «(2:28) 4, а. 
The maximum radiation intensity occurs 


at @= О degrees and is 
ў 


Р 4/2841 
Фах = Po 0 ( 3 
The normalized principal plane radiation 
patterns vary directly as 
: 2 
48-1 (sinu , (2-28) (u) 
(Ga arr 228) Au) 
and, as mentioned before, both SIN u/u 
and A, (U) are tabulated functions. 


» 
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With the radiation patterns of both the 
parabolic antenna and the square aper- 
ture known, it is possible to calculate the 
gain of a passive reflector-antenna system. 
To facilitate the development of the system 
gain expression, the following paragraphs 
will be devoted to the discussion of an- 
tenna gain definitions and to factors affect- 
ing the system gain. 


Definitions 


The gain of an antenna may be defined, 
in general terms, as follows: 

“The measured gain of one transmitting 
or receiving antenna over another is the 
ratio of the signal power one produces 
at the receiver input terminals to that 
produced by the other, the transmitting 
power level remaining fixed.” 

‘The gain of an antenna is thus a ratio 
and must be referred to a base in order to 
be useful. This base can be any other 
antenna but it is common practice to 
choose as a standard a hypothetical iso- 
tropic antenna which radiates equally in 
all directions. When the isotropic antenna 
is used as a standard, its radiation inten- 
sity in all directions is equal to the total 
power divided by 4 7 , since there are 


4 т solid angles in a sphere. Thus, 


Ф, откоре = Prorat / 4T 


watts/solid angle. The average radiation 
intensity of any antenna is equal to the 
total power divided by 477 solid angles, 
50 that the concept of the radiation inten- 
sity of an isotropic antenna is equivalent 
to that of average radiation intensity. 
When the total power that is being con- 
sidered is the power delivered to the 
antenna, the gain is referred to as the 
power gain and is defined as follows: 
“The power gain in a given direction is 
4T times the ratio of the radiation 
intensity in that direction to the total 
power delivered in the antenna." 
This is equivalent to saying that the 
Power gain of an antenna is the ratio of its 
radiation intensity to the radiation inten- 
sity of an isotropic antenna to which the 
same total power is delivered. 
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When the power radiated by the antenna 
is the total power that is being considered, 
the gain is referred to as the directive 
gain and is defined as follows: 

“The directive gain in a given direction 

is 4 т times the ratio of the radiation 

intensity in that direction to the total 
power radiated by the antenna.” 
Thus the directive gain of the antenna is 
the ratio of its radiation intensity to the 
radiation intensity of an isotropic antenna 
radiating the same total power. 

The difference between the power gain 
and the directive gain is the radiation effi- 
ciency, which is defined as follows: 

“The radiation efficiency is the ratio of 

the power radiated to the total power 

supplied to the antenna at a given 
frequency.” 

Since the antennas under consideration 
are highly directive, the value of the direc- 
tive gain in the direction of its maximum 
value (often referred to as the directivity) 
becomes the important consideration. 

In an antenna system there is power 
spilled over as one component of the sys- 
tem illuminates another. Thus the concept 
of system gain is introduced and it is 
defined as follows: 

“The system gain is 4 7 times the ratio 

of the maximum radiation intensity of 

the antenna system to the total power 
delivered to the primary antenna in 
the system.” 


System Gain of a Parabolic Antenna 


In the treatment of parabolic antennas 
in this article, the system gain of a para- 
bolic antenna system over an isotropic 
radiator has not been considered. The 
parabolic antenna is analyzed only insofar 
as it affects the performance of a passive 
reflector-antenna system. Thus, the field 
intensity taper in the paraboloidal reflec- 
tor aperture has been studied only because 
it determines the radiation pattern of the 
parabolic antenna system. This, in turn, 
determines the illumination in the plane 
reflector aperture and the spillover power 
in the passive reflector-antenna system. 
It is desirable to express the gain of the 
passive-reflector system in terms of its 
gain over an isotropic antenna, and to do 


E 


this the gain of the parabolic-antenna sys- 
tem must be known. Rather than trying 
to analyze the parabolic-antenna system 
in a quantitative manner, this discussion 
will use the commonly accepted criterion 
for the gain of a parabolic antenna with 
a 10-db illumination taper. 


G = Aeree -12d (065) 


where the 65 percent represents the com- 
bined effect of all the factors tending to 
reduce the gain. The factor is equivalent 
to reducing the aperture area to 65 per- 
cent of its physical area. 


Gain Factor 


The maximum gain of an antenna occurs 
when the field intensity distribution in 
the aperture is uniform and the phase 
front constant. Under these conditions the 
gain of the antenna is the ratio of its area 
to the equivalent area of an isotropic 
antenna. The equivalent area of an iso- 
tropic antenna is equal to 


А sorroric * 
and so the gain becomes 


A 


а isotropic 

When the field intensity distribution is 
nonuniform or the phase front is other 
than plane, the gain of the aperture is 
decreased. This decrease in gain can be 


accounted for by a gain factor 7. which 


is less than unity. The gain factor is de- 
fined as the ratio of the gain of the aper- 
ture to the gain of the aperture uniformly 
illuminated by a plane wave or 


с б 
976 anh 


In the antennas under consideration, the 
phase fronts in the apertures are plane or 
very nearly so. Thus the apertures can be 
treated as constant phase apertures with- 
out introducing an appreciable error. The 
gain factor then becomes a function only 
of the field intensity distribution in the 
aperture. 


“ 


Defined in this manner the gain factor 
is determined by two considerations: the 
peak radiation intensity produced with 
a given field intensity distribution, and the 
power required to produce this field inten- 
sity distribution across the aperture. Thus 


is the maximum value of the 
radiation intensity with uni- 
form illumination, 


is the maximum value of the 
radiation intensity with non- 
uniform illumination, 


Р. is the total power to produce 
uniform illumination across 
the aperture, 

and Py» is the total power to produce 
nonuniform illumination 
across the aperture. 


The field intensity distribution in the 
aperture being known, the Fraunhofer 
diffraction field intensity pattern can be 
obtained by integration over the aperture 
area. The field intensity at the center of 
the aperture is considered to be the same 
for all types of illumination taper. The 
radiation intensity pattern, which is the 
diffraction field intensity pattern squared, 
is thus obtained in terms of the taper 


parameter. OD, can be obtained by sub- 
stituting the proper value of this param- 
eter and Фм can be obtained by substi- 


tuting the proper value of the parameter 
for uniform illumination. Since the maxi- 
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mum value that Ф„ can have occurs 


when the aperture is uniformly illumi- 


d= 


м 7 Py)» the ratio 


nated (where 


Ф, / Ф, is always less than unity for 
nonuniform illumination. 

In the integration mentioned above, the 
field intensity at the center of the aperture 
was considered the same for both uniform. 
and nonuniform illumination. The power 
supplied to the aperture is not the same 
in both cases. Since the power density is 
proportional to the square of the field 
intensity, the power density over the aper- 
ture can be integrated and the total power 
found under both conditions of illumina- 
tion. The power supplied to the nonuni 
formly illuminated aperture will always 
be less than that supplied to the uniformly 
illuminated aperture. Thus, the ratio 


Р T2 is always greater than unity 


for nonuniform illumination. 


Fre weit Dag Фи boa nov, 


the gain factor can be calculated. Multi- 
plying the power ratio Pri / Pra by the 
ratio of the peak value of the radiation 
intensities can be looked at from another 
point of view. Had the same power been 
supplied to the aperture under both con- 
ditions of illumination, then each point on 
the radiation intensity pattern of the non- 
uniformly illuminated aperture would 
have been multiplied by the ratio of the 
Jee 


increased power level P 
^ ( Py ) 
зш 
ut 
ат [Em ) 

Pr 


Then, 
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The gain factor of the plane reflector 
illuminated by the parabolic antenna is 
determined by the foregoing method. A 
brief outline of the procedure is given 
here, the details of which are in an unpub- 
lished report by the authors. The maxi- 
mum radiation intensity for a square 
aperture illuminated by a parabolic 
antenna was shown to be 


2841 үг 
3 
For uniform illumination, where $ = 
4 
$, = Ф a 
and for nonuniform illumination, 
2 
a( 28+! 
a 
‘The power distribution across the square 
aperture is of the form 


2 
[i079 4] 


and it can be shown that the total power is 
a ot 
Р, = Ф, (4 a ) E 


{1- 4-8) + 28 (1-5) } 


For EUN illumination, where $ = | , 


vs CE) i 


and for nonuniform illumination, 
24? 2 
Рф Le ME s 
а] h? 


тг о 
{1-3 01-8) +28 0-3} 


Then the gain factor for the square aper- 
ture illuminated by the parabolic antenna 
is 


Qux egt 


Ф Р 
ГА 2м TR 
ы ы 


T2 


_4 28 
1- Su -8) + 2801-5) 


Directive Gain of а Square Aperture 


The directive gain of an aperture in a 
particular direction has been defined as 
the ratio of its radiation intensity in that 
direction to the radiation intensity of an 
isotropic radiator which radiates the same 
total power. The maximum value of the 
directive gain is called the directivity. For 
a given aperture the maximum value of 
the directivity is obtained when the aper- 
ture is uniformly illuminated and this 
gain is 


Gus 4TÀ 

wx 

When the illumination is tapered, the con- 
cept of gain factor g is introduced. 


This reduces the gain and the directivity 


is 
à 4тА 
G x gZ 
It has been found that the gain factor 


for the square aperture with the specific 
illumination provided by the parabolic 


antenna is 
2 
g: (Hy 


CM руе 
170-8) + Ze 0-8) 


The maximum directive gain for the 
nonuniformly illuminated square aperture 
is 


46 


4 Взе 
1-50-80 + 45-0178) 


When the aperture is uniformly illumi- 
nated, equals one and the maximum 
directive gain is 


Radiation Efficiency 

There is a reduction in the maximum 
possible gain from a plane reflector by 
other factors which have not yet been con- 
sidered. One of these factors is the heat 
loss caused by the currents on the surface 
of the reflector. This loss is small, and is 
estimated to be of the order of 1 percent. 
Thus, the efficiency due to heat loss is 


мєлт Loss = 0.99. In the gain analysis 


which follows, the plane reflector is re- 
placed by a square aperture which has 
gain both receiving and transmitting. For 
convenience the efficiency due to heat loss 
is divided between the two gains. In 
calculating the system gain, the product 
of the two aperture gains brings the 


Thear Loss back to 0.99. 

Another factor which reduces the gain 
is the reduction in effective area of the 
aperture due to the discontinuity in the 
field near the edge of the reflector. It is 
estimated that the area within a quarter 
wave length of the edge of the reflector 
is only 50-percent efficient. Thus the effi- 
ciency due to the edge effect is 


fy eee 
Meose errect ^ а 7 


This factor will be applied to reduce the 
gain of the square aperture both receiving 
and transmitting. 

t is important to understand that these 
efficiency factors are arbitrary. They have 
been estimated on the conservative side 
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and will give a conservative efficiency 
factor. It is doubtful if a case will be 
encountered in practice where the effi- 
ciency factor for a reflector will be less 
than 90 percent. The average value for a 
system is about 95 percent. 

Other factors can reduce the maximum. 
possible gain of the reflector, but since 
they are not easily calculable, they are 
mentioned here only qualitatively. One of 
these factors concerns the phase front 
illuminating the plane reflector. The phase 
front is assumed to be plane which leads 
io a higher theoretical gain than can be 
achieved practically. Another phase factor 
which can reduce the reflector gain is the 
deviation of the reflector surface from a 
smooth plane. In practice these errors are 
kept to a minimum and neglecting their 
effects will not materially affect the sys- 
tem gain calculations. 


Power Gain 

The power gain was previously defined 
as the directive gain reduced by the radia- 
tion efficiency. The factors which modify 
the gain of the square aperture have been 
discussed in the preceding section. The 
power gain for a square aperture non- 
Ea illuminated Ee isG= 


ang! 4т0 ass (1 (- AG 


| 
17$ 0-818 (1-8) 


and the power gain for the uniformly illu- 
minated square aperture is 


. 4то° X 
G= “Ae VOSS (1-3) 


Gain in the Fresnel Region 

Normally antennas operate in the 
Fraunhofer region and the gain in this 
region is constant and independent of dis- 
tance. However, in the passive reflector- 
antenna system, component antennas op- 
frate near the transition point between 
Fresnel and Fraunhofer regions and, on 
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occasion, within the Fresnel region. 

The gain of an antenna in the Fresnel 
region is not constant and independent of 
distance; it is less than the gain in the 
Fraunhofer region because a plane wave 
front in an aperture appears to points 
within the Fresnel region as though it 
were a quadratic phase error in the aper- 
ture. This point is discussed by Silver and 


a factor Sin x /x® is developed which 


is the ratio of the gain of a uniformly illu- 
minated circular aperture in the Fresnel 
region to the true Fraunhofer gain at 
infinity. 

The circular aperture defined by the 
parabolic antenna is not uniformly illumi- 
nated and thus it is necessary to determine 
a correction factor for a circular aperture 


witha( I- 


D )% field intensity distribu- 


tion. The correction factor is given by 


22n 
2108 (2%) 
4п+3) [(2п)! 


y 


nzo 


Sar GEO | 
3% ап+52п +! 


This is unwieldy, but the two series con- 
verge rapidly and their sum is closely 
approximated by 


1 -0.0684 (22°) 


The square aperture defined by the 
rectangular plane reflector must have its 
Fraunhofer gain modified in the same 
manner as has been done for the circular 
aperture. In the system gain analysis 
which follows, it will be seen that it is 
necessary to determine the correction 
factor for the square aperture only when 


а 


it is uniformly illuminated. This correction 
factor is 
2 


2Xh 


where C and S are cosine and sine 


Fresnel integrals. 
Throughout the treatment of gain in 
. this discussion, the gain in the Fraunhofer 
region is determined and, if the antenna 
operates in the Fresnel region or near the 
transition between the two regions, the 
correction factors are applied. 


Spillover Power 


‘The system gain of a passive reflector- 
antenna system can be determined once the 
parabolic-antenna diffraction pattern is 
known. One method of analysisis to use the 
radiation pattern of the parabolic antenna 
to determine not only the amplitude taper 
over the reflector, but also the power 
which spills past the reflector. With the 
amplitude taper known and the phase front 


assumed to be plane, the gain factor 2 


can be calculated. This leads to the direc- 
tive gain G of the reflector over an iso- 


tropic radiator which radiates the same 
total power impinging upon the reflector. 
The gain will become the passive reflector- 
antenna system gain G when it is reduced 


by-the spillover power and the efficiency 
factors. The spillover power ratio is the 
ratio of the power impinging upon the 
reflector to the total power radiated by the 
parabolic antenna. 

When the radiation pattern is the same 
in all planes perpendicular to the aperture, 


and is plotted as a function of V (where 
V z(rd/A) sin 8), then it can beshown 


that the total power in the pattern is pro- 
portional to the volume under the radia- 
tion pattern. The power intercepted by the 
reflector is proportional to the fractional 
Lt 


volume of the radiation pattern that is 
subtended by the reflector. With both the 
total power and the intercepted power 
being known, the spillover power can be 
calculated. The details of this method are 
discussed in the aforementioned unpub- 
lished report. 

Analyzing the system gain in this man- 
ner may lead to a clearer understanding 
of the problem, but it is not the simplest 
approach. The system gains in the remain- 
der of this paper will be determined from 
the more direct point of view of antenna 
gains over isotropic radiators and free- 
space attenuation between them. The sys- 
tem gain expression obtained in this man- 
ner is identical with that determined by 
the method of spillover power. 


System Gain 


The system gain of a passive reflector- 
antenna system will now be determined 
by considering the parabolic antenna as a 
transmitting antenna. If, instead, the an- 
tenna system were analyzed by consider- 
ing the parabolic antenna as a receiving 
antenna, the result would be identical by 
the theorem of reciprocity. 

‘The 45-degree plane reflector is replaced 
by a square aperture and the equivalent 
system to be analyzed becomes that shown 
in Figure 4. The square aperture and the 
parabolic antenna are separated by the 
distance h . The distance between the 
square aperture and the isotropic antenna 
is denoted by S , which is very large com- 


pared to h . The diameter of the parabolic- 
antenna aperture is shown as d and the 


square aperture has its dimension repre- 
sented by О 


=, 


Figure 4. A passive reflector-antenna system with a 
square operture replocing a 45-degree plane reflector 


In Figure 4 the gains G,, G, andG. 
(ie з 
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refer respectively to the system gain of 
the parabolic antenna, the power gain of 
the square aperture receiving, and the 
power gain of the square aperture trans- 
mitting. When an aperture operates іп the 
Fresnel region, a factor modifying the 
Fraunhofer gain is introduced. With these 
gains over isotropic radiators available 
and with the free-space attenuation be- 
tween the component parts of the system 
calculable, the passive reflector-antenna 
system gain over an isotropic radiator 
can be determined. 

The Fraunhofer system gain of the para- 
bolic antenna over an isotropic radiator is 
given by 


G = Z$ (065). 


Since the parabolic antenna, as part of the 
passive reflector-antenna system, operates 
within its Fresnel region, then its Fraun- 
hofer gain is modified to 
242 
т 
G= SE (065) 


E. zd'Y 
1- 00684 (397 


The gain G, arises from a square aper- 


ture with a field intensity distribution 
determined by the parabolic-antenna radi- 
ation pattern which illuminates it. The 
Fraunhofer power gain of a nonuniformly 


illuminated square aperture was shown to 
be 


Sart o l-A 


i7 S078) + 28(1-в)° 


Since the distance S over which the aper- 


ture is operating is in the Fraunhofer 
region, no modification is necessary. 


The gain G, arises from a square aper- 
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ture with a field intensity distribution 
determined by the isotropic radiator radi- 
ation pattern. Since the isotropic radiator 
radiates uniformly in all directions and 
the distance $ is very large, the square 
aperture is uniformly illuminated. The 
power gain for the square aperture under 
these conditions was shown to be 


: 
6, = 37? Joss (1- 35). 


LIS 
The distance h over which the aperture 
operates is near or within its Fresnel 
region so that the Fraunhofer gain must 
be modified by the appropriate expression. 
The gain thus becomes 


Gus $78 /oss (1- №) 


e + st zu 


XU 
ZAR 


The calculations of gains over isotropic 
radiators have been made, so far, inde- 
pendently of power levels. If, however, 
the entire system is to be compared to an 
isotropie radiator to which the same total 
power has been supplied, then the power 
level of only one isotropic radiator in the 
system analysis is fixed. The successive 
isotropic radiators, to which gains in the 
system are referred, have power levels 
which depend upon the gains and losses 
which occur between them and the refer- 
ence isotropic radiator. This change in 
power levels between isotropic radiators 
is normally accounted for by the free- 
space attenuation between them. However, 
in considering the plane reflector as two 
apertures and comparing their gains to 
two isotropic radiators, the difference in 
power levels between them is not ac- 


8 
is introduced. Upon investigation this nor- 
malizing factor is found to be the recipro- 
cal of the power normalizing term in the 


counted for. Thus a normalizing factor N, 


gain factor of the square aperture Ng = 
4 Bg ЕЕ 
1- = (1-38) + 45 |! 8) 


Since the square aperture uniformly illu- 

minated has a higher power level than the 

square aperture nonuniformly illuminated, 
i 

Ns reduces б; to 


z 2 
NG, = 212 039 (1-25) 


2 a 
(с) +s 


2 a 
(Am 
ZAR 


-4(1-8) + 28(-&° 
1- 0-8) + 4501-5) 


The free-space attenuation between the 
parabolic antenna and the plane reflector is 


M 
h l'ex 
the free-space attenuation between the 


plane reflector and the isotropic radiator 
2 


is Gy Ттт and the free-space 


atténuation between two isotropic radi- 


a 


ators separated by a distance h + S is 
2 


a = : 
h+s Tea? (hts)? 
In a system consisting of two isotropic 


antennas separated by a distanceh + S, 


the path attenuation is 10 log a "n 


db. Using the passive reflector-antenna 
system the received signal is 


10 log G; + 10109 NG. + 
IO log G, +10 log ent 


10 log в; db. 


The difference between these two receiv- 
ing levels is the passive reflector-antenna 


system gain G over an isotropic radiator, 


G=10 log GN, G 


7 10 log a, , db. 


б, в a, 


Since the distance h is normally very 
small compared to S (in the Monsey 
tests h = 1408 feet and. S = 27.8 miles) 
the approximations can be made that 
hts бапда р + ^ ас. Thus, when 
h <<< S, the expression reduces to 
' 
G= 10109 G, Ns 


By making the proper substitutions and 
combining terms, the passive reflector- 
antenna system gain over an isotropic 
radiator then becomes 


б, б, ара 


с (©) 065) (479) оз) 
X v(2851y* "s 
(1-25) CS) бетт) 


2 a 2 a 
© em) * Са 
a 
2xh 


2.2 


1- 0.0684 (499) 


APRIL 1954 


Combining constants, the expression fur- 
ther reduces to 


G=20 log S128 +1) 


[coo +5%х)](1- 35) 
(\-0.0684y?)* + 450 av, 


(Cosine Fresnel Integral), 
and 


S(x) : [ап (+ mx") dx 


(Sine Fresnel Integral) . 


Description of Gain Tests 


The gain tests at Monsey compared the 
signal received through a passive reflec- 
tor-antenna system to the signal received 
through а 4-foot parabolic antenna 
mounted adjacent to the plane reflector. 
A signal was transmitted from New York 
at 4060 me and received at Monsey by a 
calibrated receiver, with a calibrated 
wave-guide attenuator between the an- 
tenna and the receiver. First the signal 
was received through the passive reflector- 
antenna system and the calibrated attenu- 
‚ ator was adjusted to give a reading on a 

scale division of the calibrated receiver 
limiter current meter. The settings of the 
calibrated attenuator and the receiver 
limiter current were noted. The receiver 


PASSIVE REFLECTOR-ANTENNA SYSTEMS 


equipment was then hoisted up the tower 
and connected directly to the 4-foot para- 
bolic antenna. The calibrated attenuator 
was adjusted to give the same receiver 
limiter current reading that had previously 
been noted. The amount that the cali- 
brated attenuator was changed was a 
direct measure of the gain of the passive 
reflector-antenna system over the 4-foot 
parabolic antenna. 

The 4-foot parabolic antenna mounted 
on the tower was identical with that used 
to illuminate the plane reflector in two of 
the gain tests. In the other two tests a 
similar 6-foot parabolic antenna was used 
to illuminate the plane reflector. The meas- 
ured gains are relative to the gain of the 
4-foot parabolic antenna mounted on the 
tower, which is given by 


2 
G = 24 (0.65) 


. z* (16)(0.65) 
0.0587 


1750, 


ог 


10 log 1750= 32.43 . ap. 


It is to be noted that this parabolic-antenna 
gain does not contain the correction for 
operation within the Fresnel region. When 
the parabolic antenna is mounted on top 
of the tower it is operating over a large 
path distance S and correction of its 
Fraunhofer gain is not necessary. 


Theoretical and Experimental Gains. 


The experimental gains obtained at 
Monsey are passive reflector-antenna sys- 
tem gains over a 4-foot parabolic antenna; 
therefore, G must be reduced by 3243 db 
in comparing theoretical and experimental 
gains. In Table I the gains for the four 
tests are tabulated for comparison. In each 
of the four cases the 45-degree plane re- 
flector is of such dimensions that the 


equivalent square aperture is 6 feet by 
6 feet. 


s 


TABLE I 


COMPARISON OF EXPERIMENTAL AND THEORETICAL 
Gams or Passive REFLECTOR-ANTENNA SYSTEMS 
ТєзтЕр at Monsey Heicuts, New York 


PASSIVE REFLECTOR- 


PASSIVE REFLECTOR- ANTENNA 


DIAMETER DISTANCE size ANTENNA SYSTEM SYSTEM GAIN OVER A 
oF or or GAIN OVER АМ Á-FOOT PARABOLIC ANTENNA 
PARABOLA SEPARATION APERTURE ISOTROPIC ANTENNA G -3243 db 
d h o FREQ. G THEORETICAL EXPERIMENTAL 
Feet Feet Feet Me ab Е 
6 9025 6 4060 3445 4202 42.50 
6 140.80 6 4060 33.87 +144 +0.55 
4 90.25 6 4060 33.40 +0.97 +0.70 
4 140.80 6 4060 31.39 —1.04 =0.75 


In Table I it is seen that the theoretical 
values of gain agree reasonably well with 
the experimental. values. The average dif- 
ference is less than +0.5 db. The magni- 
tude of this difference is not unreasonable 
when all the variables in the gain analysis 
and in the experimental determination of 
the gain are considered. The assumptions 
and the approximations used in the theo- 
retical determination of the gain have 
already been discussed. Another dis- 
crepancy between theoretical and experi- 
mental gains is due to the errors 
associated with the experimental tech- 
nique. 


Side-Lobe Levels. 


In a parabolic-antenna system the 10-db 
illumination taper is almost standard. 
Based upon this, it can be said that the 
first side lobe of a parabolic antenna theo- 
retically is down about 21.3 db. The meas- 
ured value of the first side lobe, however, 
is rarely below about 16 db. The rather 
large discrepancy between theoretical and 
measured levels is due primarily to phase 
errors. Side lobes arise from phase addi- 
tions and the nulls from phase cancella- 
tions, so they are particularly sensitive to 
phase errors. The deviation of the reflect- 
ing surface from a true paraboloid and the 
size and location of the feed relative to a 
point source at the focal point of the para- 
E 


boloid introduce phase errors in a para- 
bolic-antenna system. 

The side-lobe levels in a passive reflec- 
tor-antenna system cannot be tied down 
in the same manner as is done with the 
parabolic antenna, for there is no standard 
illumination taper. The side-lobe levels 
vary depending upon the illumination pro- 
duced at the edge of the reflector and this 
illumination, in turn, is a function of the 
component antennas and their separation. 

The theoretical level of the first side 


lobe of a uniformly illuminated ( $ = 1.0) 
reflector with a square aperture is 13.3 db. 
When 8 — 0.882, the theoretical value de- 


creased to 14.0 db and, at § = 0.474, the 
theoretical level of the first side lobe is 
184 db. 

A condition under which a value of 


$ = 0882 is obtained was tested at Mon- 


sey. At 4060 me, a 4-foot parabolic antenna 
fed a plane reflector, with a 6-foot-square 
aperture, over a distance of 140.8 feet. The 
pattern was measured and the value of 
the first side lobe agreed exactly with the 
theoretical value of 14 db. 


A value of § — 0474 is produced by a 


6-foot parabolic antenna feeding a plane 
reflector, with a 6-foot-square aperture, 
over a distance of 90.25 feet at 4060 mc. 
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This was the condition tested at Monsey 
which produces the lowest side-lobe levels. 

The close agreement obtained between 
the theoretical and experimental value of 
the first side lobe of a passive reflector- 
antenna system is believed due to very 
little deviation in phase of the wave front 
incident upon the reflector from the plane 
wave front assumed in the analysis. 

‘The conclusion is drawn that, although 
the side-lobe levels of a parabolic-antenna 
system are theoretically lower than those 
of a comparable passive reflector-antenna 
system, there is not very much difference 
realized between the actual side-lobe 
levels. Further, it is believed that if side- 
lobe levels are to be of major concern, 
reduction can be obtained without sacri- 
ficing other system characteristics. The 
nature of a passive reflector-antenna sys- 
tem is such that measures which will 
reduce side-lobe levels will increase the 
system gain at the same time. A reduction 
in side-lobe levels and an increase in gain 
can be obtained simultaneously by in- 
creasing the size of the reflector, the para- 
bolic antenna, or both, under most normal 
operation conditions. 


Mutual Coupling 


The mutual coupling among passive 
reflector-antenna systems is relatively 
complex, Coupling exists among the para- 
boloids, among the plane reflectors, and 
between plane reflectors and paraboloids 
due to their radiation pattern side lobes. 
However, a major contributor to the 
coupling is reflections from nearby objects 
and the tower itself. The fact that the 
passive reflector-antenna system is so open 
makes it particularly susceptible to cou- 
pling by reflections. The presence of por- 
tions of the tower structure in the path 
of radiation within the antenna systems 
contributes an appreciable amount of the 
coupling by reflections. 

In the mutual coupling tests conducted 
at Monsey, the passive reflector-antenna 
Systems were oriented in all possible com- 
binations of positions that might reason- 
ably be encountered in an actual installa- 
tion. Measurements of the local mutual 
Coupling between passive reflector-antenna 
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systems showed that values of the order 
of 55 to 60 decibels can be expected in 
almost all cases. 

A comparison between a parabolic- 
antenna system and a passive reflector- 
antenna system indicates that the order of 
magnitude of the local mutual coupling 
is the same in both systems. Friis reports 
the coupling between parabolic antennas 
back-to-back to be 50 to 60 db and Brown 
reports it to be 40 db. 

The mutual coupling between the para- 
bolic antennas alone, in the positions they 
would occupy in the passive reflector- 
antenna systems, was measured and found 
to be of the order of 60 to 65 db. The 
system's coupling deteriorates by approxi- 
mately 3 to 8 db due to reflections and 
coupling between the plane reflectors. The 
beam width of the parabolic antenna is a 
factor in determining the extent of the 
deterioration. The greater the beam width 
the greater the deterioration, due princi- 
pally to the higher levels of the energy 
thrown into the tower structure, to be 
reflected. 

In general, screens are not too effective 
in reducing the local coupling. They are 
most effective placed directly between the 
parabolic antennas when the paraboloids 
are level and close together. In this posi- 
tion they almost completely eliminate the 
coupling between the parabolic antennas. 
However, the coupling due to reflections 
is at least the same order of magnitude as 
the parabolic-antenna coupling alone, so 
that a maximum reduction of only about 
3 db results from the complete elimination 
of the coupling between the parabolic 
antennas. When the screens are placed 
between the plane reflectors there is no 
significant decrease in local coupling. The 
conclusion is drawn, therefore, that the 
coupling between the plane reflectors 
alone is not a significant contributor to 
the local mutual coupling. 

Moving the parabolic antennas out from 
under the tower and then tilting them 
toward the tower, to correspond to the 
change in elevation angle of the plane 
reflectors necessary to maintain the same 
direction of radiation from the plane re- 
flector, produces no definite pattern of 
improvement in the local coupling. Sepa- 


rating the parabolic antennas tends to 
decrease the coupling, but the effect of 
tilting them is to throw more energy into 
the tower structure thereby increasing the 
coupling due to reflections. Tilting the 
parabolic antennas toward one another 
changes the local coupling due to inter- 
action of their radiation patterns in a 
manner which is not predictable. The net 
result is that this method can either reduce 
or increase the local coupling, but in either 
case the change does not appear to be 
very great. 

* — "There appears to be no effective way to 
reduce coupling by reflections from the 
tower structure itself except to avoid 
large flat surfaces, such as the horizontal 
gratings on the bridges of the Monsey 
tower. It is believed that these gratings 
contribute about 1 to 2 db of coupling 
between passive reflector-antenna systems 
on opposite sides of the tower. When 
antenna systems are symmetrically located 
on opposite sides of the tower, such hori- 
zontal reflecting surfaces midway between 
them produce maximum local coupling. 
The closer the antenna systems are to one 
another, the greater the increase in 
coupling due to these surfaces. It is advis- 
able, therefore, to avoid such reflecting 
surfaces in any installation. where the 
mutual coupling in the antenna system is 
an important consideration. 

As was mentioned previously, the 
mutual coupling between the parabolic 
antennas, which were part of the passive 
reflector-antenna systems, was measured 
to be between 60 and 65 db, and tests 
showed the rest of the passive reflector- 
antenna systems contributed the same 
order of magnitude of coupling as the 
parabolic antennas. It follows that coupling 
between systems of the order of 55 to 
60 db cannot be achieved without para- 
bolic antennas having mutual coupling of 
the order of magnitude of those used in the 
Monsey tests. This is mentioned because 
side-to-side coupling between parabolic 
antennas of the order of 60 to 65 db is 
exceptionally good. It is quite likely that 
most parabolic antennas in use do not 
approach this figure. In considering the 
illumination of parabolic antennas for use 
in passive reflector-antenna systems, it is 


за 


suggested that the illumination at the 
edges of paraboloids be reduced to lower 
values than are commonly used, keeping 
in mind that decreased illumination at the 
edges means decreased gain and a wider 
beam width, which will increase the 
coupling due to reflections. A compromise 
must be made where the mutual coupling 
in the antenna systems is an important 
consideration. 

‘The problem of coupling from a distant 
source is similar, but more serious, than 
that of local coupling. Unfortunately the 
sensitivity of the test receivers did not 
allow measurements greater than 35 db 
down. The coupling from distant sources, 
however, was always greater than 35 db, 
but there is reason to believe that it was 
not down more than 40 db. Screening 
between the antenna systems would prob- 
ably be more effective than was the case 
for local coupling. However, this coupling 
must be recognized as a serious limitation 
on frequency assignments in radio relay 
systems employing passive reflector-an- 
tenna systems. 


Summary 


"The advantages and disadvantages of a 
passive reflector-antenna system must be 
considered in conjunction with the fre- 
quency at which the system is to operate. 
The conclusions drawn in this discussion 
are based upon operation in the 4000-mc 
region, though the analysis is applicable 
throughout the microwave region. 

From the tests and analysis of the pas- 
sive reflector-antenna systems, it appears 
that their performance is comparable to 
that of parabolic-antenna systems oper- 
ating under the same conditions. However, 
to take economic advantage of tower con- 
struction such as is used with passive 
reflector-antenna systems, parabolic-an- 
tenna systems would have to employ long 
wave-guide transmission lines between the 
antennas and the radio equipment at 
ground level. This would introduce losses 
and mismatches not present in a passive 
reflector-antenna system and the perform- 
ance of the two systems could no longer 
be considered comparable. 

The chief advantage of a passive reflec- 
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tor-antenna system, and it almost over- 
shadows all other advantages and disad- 
vantages, is the economies that can be 
effected in the tower construction at a 
relay point. If the performance charac- 
teristics which have been described can be 
tolerated, as in a four-frequency system, 
then a passive reflector-antenna system is 
the most economical antenna system. If 
the performance characteristics, princi- 
pally in respect to the mutual coupling, 
are not adequate, there appears to be no 
way in which antenna systems with sub- 
stantially better coupling characteristics 
can be employed without more costly 
tower construction. 

"The gain of the passive reflector-antenna 
system over the parabolic antennas in the 
system has aroused considerable interest. 
It is theoretically possible to obtain a 6-db 
gain using a plane reflector with a circular 
aperture, and a 5.12-db gain using a plane 
reflector with a square aperture. These 
values cannot be realized іп any installa- 
tion because the optimum conditions do 
not represent practical situations. The size 
of the parabolic antennas in the system 
would have to approach a point source, 
with a gain approaching zero db, in order 
to obtain these maximum values. There- 
fore, this “phenomenon” is only of aca- 
demic interest. 
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General 

IN PLANNING for Western Union's 
future, a great deal of thought is being 
given to trunk-line operation by the fa 
simile method. The provision of transmis. 
sion facilities for long distance facsimile 
and telegraphy has been the subject of 
more or less active study in many quarters 
since World War I. While the whole 
answer to the problem is not yet in sight, 
а basic understanding of some of its tech- 
nical aspects may contribute to more help- 
ful thinking on the subject. 

Transmission facilities employed for 
intercity facsimile, at least for some time 
to come, will quite likely be "derived" car- 
rier system voice bands about 3000 cycles 
wide. Intercity trunks will rarely if ever 
be physical pairs. Only in a few sparsely 
settled areas of the West and Northwest 
will the restricted bandwidth (300—2600 
cycles) of the older designs of carrier sys- 
tems be encountered. The economics of 
any long-haul intercity facsimile network 
will certainly not stand for an over-all 
system speed held down by these few 
restricted bandwidth links. The assump- 
tion then has been, from the beginning of 
trunk-fax planning, that all facilities would 
be "good" attenuation-wise from 300 to 
3300 cycles. This means Type "J" open 
wire or Type "K" cable carrier or any of 
the coax systems designated by the type 
letter “L”. There is no alternative, it 
seems, but to contemplate the uniform 
and universal transmission facility, the 
3-ke band, and continue to develop our 
Own multiplexing equipment for such 
Western Union wire and radio circuit 
expansion as is found desirable to meet 
this standard. 


Amplitude Equalization 


With 3-ke band attenuation reasonably 
it over any single system link, we may 
expect no unsurmountable band restric- 
tion over circuits comprising two tandem- 
Connected carrier system bands. Circuits 
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Intercity Facsimile Trunks 
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involving three or more tandem-connected 
carrier bands would generally require 
over-all pre-established amplitude equali- 
zation. This requirement would very 
largely bar trunk-line circuit restorations 
by the expedient of patching-in separate 
carrier-derived sections. To make this 
more clear, let us consider a New York to 
Chicago facsimile trunk made up of a New 
York-Pittsburgh Western Union radio 
relay band, a Western Union wire carrier 
system band Pittsburgh to Cincinnati, and 
а leased carrier band Cincinnati to Chi- 
cago. The over-all facsimile band so made 
up will probably have "mop-up" ampli- 
tude equalizers at both ends, if it is a two- 
way circuit. Restoration of this circuit, in 
case of a Pittsburgh-Cincinnati failure, by 
the expedient of patching-in some other 
facility, Western Union or leased, in that 
section, would probably be impracticable. 
‘The over-all amplitude vs. frequency char- 
acteristic after such a restoration might 
well be unsatisfactory. Rather, restoration 
should be made by patching to another 
through New York-Chicago trunk which 
has been pre-equalized. 


Delay Distortion (Why Fax Facilities Are 
Different) 


In one particular respect, requirements 
imposed by facsimile working are more 
difficult than those encountered either in 
telephony or multiple-channel carrier 
telegraphy. Facsimile operation demands 
that attention be given to the length of 
time required for propagation of signals 
for the various frequencies involved. In 
telephony it is surprisingly unimportant 
if the different frequencies involved con- 
sume the same or different amounts of 
time in traversing the transmission circuit, 
In multiple-channel telegraphy we divide 
the 3-ke voice band into narrow slices. For 
instance, frequencies around 800 to 850 
cycles go from New York to Syracuse via 
a conventional cable carrier band in about 
3250 microseconds; frequencies in the 
neighborhood of 1600 cycles may go to 
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Syracuse in 3000 microseconds. Precisely 
what are we talking about? What do these 
statements mean? Well, they mean that 
forgetting all about the delays that happen 
within telegraph channel equipment, if we 
send a single start pulse from the same 
printer on two channels, one from the 825- 
cycle channel, and one the 1575-cycle 
channel, the receiving printer on the first 
channel will operate 0.25 milliseconds be- 
fore the one on the higher channel. That 
situation is of no consequence in printing 
telegraphy. No one would ever discover 

* that such was the fact, except an academi- 
cally curious investigator. Nor should it be 
inferred from the figures quoted that delay 
within a derived voice band is inversely 
proportional to frequency. Far greater dif- 
ferences in delay are introduced by the 
filters, the impedance mismatches, and 
what we might call the man-made condi- 
tions of the band path than by the normal 
propagation constants of the wire trans- 
mission path. In other words, delay dis- 
tortion is most commonly something the 
equipment designer inadvertently built 
into the system. Inadvertently isn’t quite 
the right word either. Actually he was 
powerless to avoid building delay differ- 
ence into his networks. 

The relative delay encountered by the 
teleprinter carrier envelopes at various 
frequencies in a cable carrier system band 
is plotted roughly in Figure 1. 
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Figure 1. Attenuation and delay characteristics of 
typical carrier band 


‘The approximate attenuation of the filters 
which restrict the band is also shown. It is 
a reasonable and an accurate conclusion 
that the steep sides of the filters have 
something to do with the fact that differ- 


ent frequencies encounter different delays 
in passing through such a band. lt is 
apparent too that the region of minimum 
delay difference is a narrower region than 
the region of low attenuation. 

Delay distortion can be corrected by 
making the signals pass through an addi- 
tional network, which doesn't do too much 
to the attenuation but which introduces 
additional delay at those frequencies 
which come through too fast. These net- 
works, however, are not simple. It isn't 
uncommon to find delay networks with 
anywhere from one to five dozen reactive 
elements, inductors and capacitors. When 
the techniques are well known and the 
measuring instruments and compensating 
networks are at hand, it is still a tedious 
time-consuming operation to delay-equal- 
ize a telephone transmission band and so 
convert it to a facsimile transmission band. 
The point here is that equalization isn't a 
simple adjustment that can be made in a 
few seconds, like balancing a duplex tele- 
graph line. Still, on a long-term basis the 
man-hours and the annual charge on the 
delay compensating equipment wouldn't 
add much to the facility cost. What has 
made telephoto circuits so costly up to 
now is the relatively small demand. One 
circuit from City A to City B must be pro- 
tected with another. Facsimile circuits 
cannot be built up on a moment's notice 
by the dispatcher by patching together 
sections A-B, B-C, and so forth. 

The 3-ke carrier-derived transmission 
band will probably be considered standard. 
nsmission facility. The useable band- 
width on trunk-line facsimile circuits so 
derived, after amplitude and delay equali- 
zation, will be no more than 2100 cycles. 
This band will extend approximately from 
750 to 2850 cycles. This 2100 cycles of 
amplitude- and delay-equalized band will, 
however, deliver just as good or maybe 
a little better facsimile copy than we are 
now accustomed to seeing from intracity 
feeders. By present double-sideband tech- 
niques, 180 rpm with an 8-1/2 inch ci 
cumference drum will be about top speed. 
‘These trunk bands will show degradation 
of copy sharply as speed is increased 
above the nominal 1050-cycle top modula- 
tion rate. With conventional double-side- 
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band working, this corresponds to 14 or 
15 square inches per minute. 


Vestigial Sideband 


Perhaps the most promising line of 
T attack, if operating speed in excess of 15 
" square inches per minute is demanded, 
will be the vestigial-sideband method of 
working. It has long been known that 
either set of sidebands created by the 
amplitude modulation of a carrier con- 
tains the same information. 

It is interesting to look specifically at 
the likely carrier and sideband relations 
for both double- and vestigial-sideband 
working in the predicted trunk facility fax 
band. For double sideband, the mid-point 
between 750 and 2850 is 1800 cycles. That 
is not high enough to allow the use of a 
chopper as a modulation method to good 
advantage. With an 1800-cycle chopper 
rate and a 1050-cycle modulation rate, the 
lower sideband and the signal frequencies 
overlap just a little too much. When the 
light chopper system is used as the modu- 
lation method, there's no way to avoid the 
effect of interference between the two. 
This effect is the one which Bell Labora- 
tories and Signal Corps literature calls the 
Kendall effect. Any kind of a balanced 
modulator avoids this problem. 

If a balanced modulator is used, then 
the group of frequencies from 1800 cycles 
down to 750 cycles contains precisely the 
same facsimile information as the group 
from 1800 up to 2850. The problem of how 
best to throw away one of these groups is 
the one which brings minor complications. 
‘The carrier frequency, 1800 in this case, 
cannot be completely suppressed. A filter 
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idealized vestigiclsideband filter 
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must be used which cuts off gradually 
and uniformly as indicated by Figure 2. 

It may be a help to display the effect 
of the vestigial-sideband filter in another 
way. Figure 3 shows the amplitude of all 
the frequencies that will come through 
the filter, if they are all sent in at uniform 
amplitude. Here we have the origin of the 
name vestigial. Only a trace, a vestige of 
the upper sideband, remains. 
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Figure 3. Signal amplitudes in double- and 
vertigichsidebonds 


Figure 3 is interesting only as a com- 
parison of the spectrum relations in 
vestigial- and double-sideband working. 
Interest shifts immediately to the practi- 
cal extent of use of the frequency space 
made idle by the partial deletion of the 
redundant sideband. The attenuation 
characteristic of the attainable vestigial- 
sideband filter is of extreme importance. 
The precise degree to which the frequen- 
cies in the vicinity of the carrier are sup- 
pressed determines the shape of the signal 


pulses. But delay distortion, unfortu- 
| 

a es p Io 

£e 

2 


FREQUENCY CYCLES. 


Figure 4. Practical vestigial filter for standard 
voice band 


nately, is always associated with a cutoff 
point in a filter, even a vestigial filter. We 
never quite realize the ideal A com- 
promise has to be made between a desir- 
able cutoff shape for the sideband-deleting 
vestigial filter and the delay distortion 
which it introduces. The most recent one 
developed for this purpose is shown by 
Figure 4. 

It will be noted that this filter passes the 
designed carrier frequency, 2400 cycles, 
at half amplitude. For all practical pur- 
poses, it cuts off completely at 2800 cycles. 

* Actually its amplitude response is down 
to 10 per cent of full amplitude at 2800, 
400 above the carrier. Our definition of 
an ideal vestigial filter would call for its 
response to be about 90 per cent, then, at 
a frequency 400 cycles below the carrier. 
That point is 2000 cycles, where in fact 
we find the amplitude off about 20 per 
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Figure 5. Relative delay of vestigial-sideband filer 
shown in Figure 4 


cent. The sacrifice in absolute symmetry 
about the carrier is made in the interest 
of low delay distortion. 

Figure 5 shows what we consider a 
remarkable lack of delay distortion for 
this vestigial filter. The nonuniformity of 
delay does not exceed plus or minus 100 
microseconds from the lowest useable fre- 
quency all the way up to about 2750 
cycles. Maximum tolerable deviation from 
uniform delay is pretty commonly ac- 
cepted to be about 200 microseconds per 
1000 cycles of modulation rate. Beyond 
2800, where the delay really gets out of 
hand, the attenuation of this filter exceeds. 
20 decibels. Here we have a principal 
criterion of a good vestigial filter in a 
nutshell. It must make sure that any fre- 
quencies which are delayed too much 
can't get through in sufficient magnitude 
to do any damage. 

Although laboratory work on a system 
designed around this filter is not com- 
pleted, we may conceivably be able to 
achieve a good signal shape at a funda- 
mental repetition rate of 1650 cycles per 
second. This increase would permit of 
good facsimile working at approximately 
22 square inches per minute with fair 
realization of 100-line definition. 

These problems entailed in the mea- 
surement and correction of delay distor- 
tion are now the subject of intensive 
research in our own and in other labora- 
tories. So also are those pertaining to 
vestigial-sideband working. 
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Design of a Commercial Facsimile System 


T. F. COFER 


Historical 

Communication by facsimile methods 
is a very old concept In 1843, when 
Morse telegraphy was still in the experi- 
mental stage, a Scot named Alexander 
Bain patented a facsimile system utiliz- 
ing a clockwork “flat-bed” scanning 
arrangement traversing conducting infor- 
mation on a nonconducting background. 
Although the invention was unsuccessful 
its basic purpose was the continuing chal- 
lenge of record communications: to per- 
mit the transmission of all symbols that 
anyone can write, indite, print, paint, 
stamp or stain on the sending blank. Re- 
duction to fixed codes, thus limiting the 
transmission to arbitrary standardized 
symbols, would not be necessary with 
such a system. But even today record 
communications would welcome a practi- 
cal, low-cost flat-bed scanner. Similarly 
present commercial facsimile systems, 
although extensive, have not yet attained 
world-wide nor even nation-wide scope 
although there are evidences that much 
progress is being made in that direction. 

That Bain's clockwork and pendulum 
device failed is not surprising in the light 
of today's knowledge. It is astonishing that. 
any practical transmission could have 
been accomplished at all without electric 
motors and with only the faintest knowl- 
edge of electrical transmission problems. 
True, in 1848, the principle of scanning 
copy on synchronously rotating cylinders 
was introduced by Bakewell, of England, 
and in 1869 а Parisian named d’Arlincourt 
suggested the “start-stop” method of 
Phasing, togther with an improved speed 
control for synchronizing clockwork 
motors, involving the use of tuning forks. 
Several years later, when William 
Sawyer, of New York, applied the first 
electric motors to the drum and inserted 
а clutch between the motor shaft and the 
mechanism, the facsimile communication 
art had been known for 30 years but still 
had not progressed much beyond the 
experimental stage. 


FACSIMILE SYSTEM 


All of the early work on facsimile opera- 
tions used conductive scanning; that is, 
the sending device depended upon a con- 
ducting wire stylus traversing a platen or 
cylinder where the symbols to be trans- 
mitted were either conducting on a non- 
conducting background or vice versa. 
Various means to obtain this feature in- 
cluded scraping areas from painted metal, 
writing on bright metal with nonconduct- 
ing ink, or even embossing or indenting 
the symbols in thin metal sheets. All of 
these methods required special conditions 
of the subject copy,—almost as serious a 
deficiency as the requirement of arbitrary 
codes. But in 1873 an English telegraph 
engineer, Willoughby Smith, discovered 
the photoelectric properties of selenium 
quite by accident, thus opening a new 
field of electric research which later 
brought facsimile and even photographic 
reproductions, at a distance, to practi- 
cability. 


An carly experimental flat-bed scanner 


For a while it appeared that the capa- 
bilities of the photocell had turned the 
interest of communication research away 
from the simple form of facsimile to the 
more exacting requirements of photo- 
graphic transmission. Western Union oper- 
ated a picture system called “Telepix” as 
early as 1924. But a practical commercial 
facsimile system was waiting for develop- 
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ments in many quarters: for carrier- 
frequency principles, which were worked 
out and polished up by the requirements 
of conventional communications; for inex- 
pensive but reliable electronics, which 
were worked out and produced in quan- 
tity for home radio receivers; for modest 
but satisfactory control relays, which were 
evolved from the needs (of all things!) 
of pin-ball machines and "juke" boxes. 
But most of all the art needed stable pri- 
mary power systems providing accurately 
controlled frequency at the power outlets 
in business houses as well as in com- 
munication centers. 

Power frequency stability came with 
the merging of the initial community 
power companies into large systems; with 
the development of power transmission 
lines that could be combined into huge 
networks tying substations to power 
houses over large areas so that the pulse- 
beat of the electrical energy was steady 
and sure over all. And with accurate fre- 
quency control came a flood of synchron- 
ous motors, large, small, medium and tiny, 
designed for a multitude of diverse timing 
purposes and all standard stock items in 
the manufacturers’ catalogs. 

These things were important to the 
evolution of commercial facsimile but it 
still awaited the development of a practi- 
cal recording paper. The early work had 
depended upon electrochemical action in 
a liquid, upon a paper dampened with a 
clear solution of a chemical that under the 
action of the electrical potential of a metal 
stylus would react with the stylus materi- 
al and deposit an opaque chemical in the 
paper fibers. Such paper in the hands of 
understanding experts gives very good 
results. But Western Union engineers had 
tried and discarded wet paper for com- 
mercial facsimile purposes. Something 
more rugged and less critical was needed. 

‘Then one day in 1934 a Western Union 
engineer, working on a piece of demon- 
stration equipment for the Chicago 
World's Fair, needed a piece of black 
paper to shield a lamp bulb and happened 
to get the paper from the photographic 
laboratory. Much to his astonishment the 
black paper was sufficiently conducting to 
produce an electrical shock if included in 


the circuit of the lamp base. Call it acei- 
dent or not, R. J. Wise was at the time 

also attempting to record the unbalance | 

of duplex circuits. He immediately began | 
experiments with this conducting paper. | 

Between his basic work and the subse. 

quent accomplishments of chemist В. L.f 

Kline, a dry electrosensitive recording | 
paper was developed that bridged the! 

final gap in the chain of practicability for: 
commercial facsimile operations. This’ 
paper was given the registered таша] 
“Teledeltos” in 1939. 

Western Union began experimental] 
trunk circuit operations by facsimile in| 
late 1935, extended service to a few! 
branch offices the following year, and inj 
1938 installed a small number of cus- 
tomers’ tie lines. The early equipment was 
somewhat expensive and inconvenient so! 
that by 1941 only 200 circuits in four cities 
were in operation. World War II adversely 
affected further development in commer- 
cial facsimile for several succeeding years. 
The postwar planning group had not 
been idle, however, during this period. 
Under constant pressure by F. E. d'Humy, 
then Vice President of Engineering, to 
produce a small inexpensive transceiver, 
G. H. Ridings came up in 1946 with a 
prototype of the Desk-Fax.? This initial 
little machine produced facsimile opera- 
tion stripped to bare essentials. Reversion 
to conductive scanning utilized the same 
stylus for sending and receiving but, as 
might be expected, required special send- 
ing blanks. These used a wax transfer 
sheet to produce nonconducting letters on 
a background of black conducting paper, 
the same material used as the base for 
“Teledeltos”. 


The original Desk-Fax, the bore essent 


of facsimile 
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A pilot installation of Desk-Fax cus- 
tomer tie lines was made in Newark, N. J., 
іп 1948. Thereafter, with a subsequently 
designed and highly practical concentra- 
ior) facsimile tie-line telegram service 
expanded to 26 cities with about 2000 
connected transceivers by 1951. By this 
time, however, an optical-scanning ver- 
sion of the Desk-Fax, still comparatively 
inexpensive, had been designed. A new 
and larger concentrator with improve- 
ments based on experience with the 
earlier one had been developed for the 
mew transceiver. As of the end of 1953 
the round-number totals for Desk-Fax 
installations are 10,000 transceivers in 55 
cities, with no end in sight. 
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Preliminary Considerations 


Following the end of World War II, 
Western Union was in the position of 
/ having considerable experience with fac- 
simile operation, an unqualified belief that 
the system had a proper place in recorded 
communications, and a fluid condition of 
telegraph thinking because of impending 
expansion of the reperforator switching 
method of general operations. Due to the 
latter installations, there was a definite 
opinion in some quarters that the tele- 
printer should become the primary com- 
munication device, replacing any other 
method of transmission including existing 
facsimile circuits as well as pneumatic 
tubes. For heavily loaded circuits that 
could be worked directly into the switch- 
ing system, little argument could be 
raised against the complicated and expen- 
sive printers. For tie lines to customers’ 
offices, however, the facsimile system 
could be shown to have definite advan- 
tages, especially for lines with light loads. 
Since both the direct and fringe costs of 
Messenger service were rising rapidly it 
appeared that “terminal handling" by 
"Telefax" might offer increased speed of 
service with little or no increase in costs. 
Terminal handling of telegrams re- 
ceived from, or to be sent on via tele- 
Printers imposed limitations of the fac- 
Simile message to word text, thus allowing 
design for a smaller area of transmission 
than would be satisfactory for sketches or 
drawings. Restricting the distributing 
FACSIMILE system 


zone to local or intracity points generally 
insured the availability of synchronous 
primary power at all stations and limited 
the connecting lines to conservative 
Igngths. It was therefore necessary only 
to design equipment that would be simple 
and foolproof in operation, have a long 
useful life, and have costs per circuit that 
could be proved-in by no more than five 
message transmissions per day, as a 
studied estimate. 

‘The first Desk-Fax, using conductive 
scanning, pointed the way. Early opera- 
tions indicated that most customers not 
only liked the Desk-Fax but much pre- 
ferred it over either teleprinters or mes- 
senger service. Costs were found to be 
close to those estimated but the items 
charged to the “inexpensive” conductive 
scanning method proved to be a greater 
proportion than expected. The present de- 
sign for optical Desk-Fax installations 
followed the principles to be described 
herein, some of which of course had been 
worked out in earlier developments. 


Practical Design Principles 


The maximum aim of a facsimile trans- 
mission system would be to lay down at 
the receiving end an exact duplicate of 
the sending copy just as the eye would 
see it. For a commercial facsimile system 
it is obviously necessary to discard color 
differences and reproduce only black and 
white. This restriction sounds simple 
enough but it will be found that it entails 
further agreement as to which colors will 
be transmitted as black and which as 
white. To avoid the harsh choice the 
transmission of several shades of gray will 
be found desirable. Also color filters may 
be necessary, as will be shown later, to 
adapt the copy appearance to mono- 
chrome viewing. 

The art of “seeing” in itself suggests 
the process of sequential scanning. As is 
commonly known, the image obtained by 
the human eye covers a large area in 
general, but the area of exact information 
is comparatively small, hence in reading 
a printed page or looking at a drawing or 
photograph for details, the eye scans the 
display by moving over it in successive 
passes, usually from left to right and from 


top to bottom. The human with normal 
vision cannot absorb more than a few 
words at one time from the printed page, 
even with the elaborate multiple-circuit 
apparatus used by the eye. In a commer- 
cially practicable system limited to onl 
one transmitting circuit the information 
available by facsimile methods in one 
scanning pass will be small indeed. Fur- 
thermore, since no "second look" will be 
allowable with a mechanical system, the 
facsimile scanning must be controlled to 
cover very thoroughly, the first time, the 
entire area which might contain informa- 
tion. (This necessity is the inherent in- 
efficiency of facsimile transmission for 
purely general operation. An uncompli- 
cated, inexpensive method of automati- 
cally eliminating the complete scanning of 
large areas containing no information 
would revolutionize facsimile efficiency.) 


‘The requirements of facsimile operation 
then evolve as “framing,” which deter- 
mines the top and bottom limits of the 
area of possible information; “phasing,” 
which determines the right and left limits 
and keeps them in the proper sequence; 
and “information element transmission, 
which makes the marks on the record. 
How these were worked out for practical 
commercial operation will be described 
later. 
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Element Transmission Methods 
Transmitted intelligence generally con- 
sists of “bits” or small particles of infor- 
mation, each separate and complete like 
the pieces of a jig-saw puzzle. Similarly, 
if these bits are correctly assembled at the 
receiving end, the original material can be. 
defined. Facsimile scanning, in principle, 
involves dividing the subject copy up into} 
a number of small squares, like the ruling | 
of graph paper. Each square is then a} 
“bit” of information, which in facsimile! 
ractice means that it can be either] 
lack" or "white" as may be nece: | 
io delineate the material being copied, 
Facsimile transmission is therefore con- 
cerned only with means of putting down] 
on the recording paper the sequence of] 
black and white squares that appears be-1 
fore the sending scanner. The fineness of 
delineation of the copy is built-in initially, 


old ond new 


the number of squares per inch in a scan- 
ning line and the number of scanning lines 
per inch depending upon the size of the 
pick-up device to be scanned over the 
copy. In conductive scanning this may be 
a metal wire stylus in contact with the 
copy. In optical scanning the viewing 
device may be a tiny spot of light pro- 
jected on the copy or it may be a tiny 
spot at the focus of a lens system associ- 
ated with a photocell. The actual record- 
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ing device must, of course, have similar 
dimensions. 


As mentioned earlier, the bits of infor- 
mation gathered over one scanning line 
must necessarily be small. For a commer- 
cially practicable system, however, they 
should be as large as possible commen- 
surate with the dimensions of the marks 
on the sending copy, since the total num- 
ber of “bits” per message determines the 
ratio of time of transmission and fre- 
quency band required. It happens that the 
human eye has been conditioned by paper 
textures and modern printing practices to 
expect marks several thousandths of an 
inch wide for delineating written matter. 
(Fifty years ago the common type faces 
were smaller and narrower.) A series of 
compromises, involving the natural rota- 
tion speeds available from synchronous 
motors energized with power at 60 cycles 
per second; the dimensions of the previ 
ously standard telegram blank; the ma: 
mum desirable transmission time; and the 
band-width available on ordinary voice- 
frequency transmission circuits, fix the 
practical facsimile scanning “bit” at 0.010 
inch, and the normal scanning rate at 
three lines per second. 


(An average voice-frequency circuit may 
be considered to be useful between about 
200 and 3000 cps, having an effective band- 
width of 2800 cycles. With double-sideband 
modulation each sideband can be only half 
this width, 1400 cycles per second or 84,000 
cycles per minute for the purposes of this 
computation. The standard Western Union 
telegram blank has a message area of about 
8 by 3% inches or 28 square inches to be 
scanned. 


The size of the scanning bit for transmis- 
sion of the message area in one minute and 
in two minutes can be compared as follows: 
For 1-minute transmission the 84,000- 
cycles-per-minute modulation must cover 
28 square inches, or 3000 cycles per square 
inch. Each scanning cycle is considered to 
be one black and one white "bit," so this 
represents 6000 bits per square inch. Fach 
bit is therefore the square root of one 
six-thousandth or 0.0129 inch, representing 
77.5 lines per inch scanning. In the 8-inch 
scanning line there would be 620 cycles so 
45 scans per second would be necessary 
to develop the frequency. 
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For 2-minute transmission the 84,000 
cycles per minute needs to cover only 14 
square inches giving 6000 cycles per square 
inch. Since this represents a total of 12,000. 
black and white bits per square inch, each 
bit can be the square root of one twelve- 
thousandth or 0.0091 inch, 110 lines per inch. 
scanning. This would be 439 cycles per 
8-inch scanning line needing about 32 
scans per second to develop the modulation 
frequency. 

As a compromise a "bit" of 0.010 inch was 

chosen giving 400 cycles per scanning line. 

scans per second was selected be- 

cause this represents a drum rotation speed 

of 180 rpm, one-tenth of the normal 4-pole 
60-cycle synchronous motor speed.) 

In scanning lines almost 8 inches long 
at this rate, about 2400 of these 0.010-inch 
intervals are traversed per second. If 
these intervals are alternately black and 
white a fundamental frequency of nearly 
1200 cycles per second will be generated. 
If actually it was desired to revroduce 
truly such a geometrical array of square 
black and white dots a still higher fre- 
quency would need to be transmitted. 
Since in general the copy contains marks 
much farther apart than the minimum 
distance, the 1200-cycle frequency can be 
considered to be the maximum necessary 
for recording purposes. 

It would appear that facsimile operation 
would be practicable by transmitting only 
the frequency representing the black and 
white arrangement of the information ele- 
ments. If direct transmission of the “dot 
frequencies” is attempted, however, it will 
be found that large areas of one solid 
color will produce very low frequencies, 
approaching zero. The presence of such 
frequencies complicates the design of 
transformers and other coupling devices 
in the circuit. Even if the copy is limited 
to typed characters the bottom frequency 
required will‘ be low compared to the 
upper maximum. The ratio of top to bot- 
tom frequencies to be transmitted will 
therefore be at least several hundred to 
one. It is here that wire transmission 
limitations are introduced. 

The transmission of alternating current 
over wire lines departs from perfection 
by the natural defects of the materials 
used for making up the circuit. Without 


Smooth line 


Line with sharp cutoff 


Facsimile intelligence impulses may be displaced by line transmission distortion 


here going into the details of the effect of 
imperfect insulating materials and of 
adjacent conductors, it can be shown that 
the linear speed at which wave trains 
travel over these lines varies with the 
frequency. Another article in this issue 
goes into this subject more fully. In the 
case of facsimile signals such alterations 
in arrival time, or “phase shifts,” produce 
distortion in the received copy. (These 
distortions are also present in voice trans- 
mission but are generally of small import- 
ance to aural reception.) 


It is possible to apply corrective meas- 
ures against phase shifts and to include 
“d-e restoring” features in amplifiers, but 
these complicate the electric circuits. Such 
arrangements are useful mainly where 
other means are not readily available or 
where the higher efficiencies are needed 
in line connections. Facsimile circuits 
have been operated experimentally using 
direct transmission of the element “dot 
frequencies” and there is increasing inter- 
est in this method of operation. For 
commercial applications there are easier 
methods, however, — means not available 
to the early experimenters in the nine- 
teenth century, which simplify the ter- 
minal apparatus at some cost in spectrum 
efficiency. 


By applying the principle of carrier 
current, using the simplest arrangement 
producing "double sidebands,” а fre- 
quency higher than the maximum dot fre- 
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quency can be chosen as the “carrier.” 
"This frequency will be emitted when zero 
dot frequency, corresponding to one solid 
color, is required. For transmitting any 
other dot frequency, two frequencies, one 
above and one below the carrier by cor- 
responding amounts, will be combined 
with the carrier frequency. These are 
called the “modulation frequencies." For 
best results with the most simple sending 
circuits, the carrier frequency should be 
at least twice the higher modulating fre- 
quency needed to delineate the copy. The 
ratio of top to bottom frequencies to be 
transmitted is therefore only three to one, 
including both sidebands, and the reli 
phase shifts are correspondingly small. 


For a commercial facsimile system with 
a modulation frequency of about 1200 cps, 
a carrier frequency of approximately 2500 
cps can be chosen, inferring a band be- 
tween 1300 and 3700 cps for transmission 
purposes. In normal double-sideband 
transmission, however, it is not necessary 
to maintain the frequency of the carrier 
to close limits, nor is it mandatory to re- 
ceive both sidebands at exactly the same 
levels or even in entirety. This feature 
enables the provision of adequate trans- 
mission with simplified equipment over 
lines that may greatly favor the lower 
sideband. These lines must have smooth 
exponential rates of amplitude decay with 
increasing frequency to realize this fea- 
ture. Where filters or other sharp cutoff 
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devices are introduced it may be neces- 
sary to provide corrective features even 
with the double-sideband system. 


Optical System De: 

For ease of maintenance and rugged- 
ness the optical system of commercial 
facsimile apparatus must be as simple 
as possible. An automobile headlamp, 
painted black where desirable, provides a 
rugged concentrated filament with ample 
light output. A condensing lens system 
сап be made to focus the light on a small 
area of the subject copy, at an angle of 
about 45 degrees, A simple lens system, at 
right angles to the copy, can be arranged 
to pick up the light from a spot 0.010 inch 


an appreciable area of the cathode can be 
illuminated thus obtaining good output 
from the cell without over-saturation of 
one area. The direct-current output from 
the photocell can now be made to vary 
directly with the light reflected from the 
scanning spot on the copy. It has been 
found that a simple single-cathode photo- 
cell is preferable to the multiplier type for 
the light values available. Either gas-filled 
or high-activity vacuum cells give good 
results. 

The photocell output is direct current 
and is very small in magnitude, requir- 
ing a preamplifier before the signals can 
be used satisfactorily to operate a con- 
ventional modulator. Although suitable 


in diameter within the brightly lighted 
area and focus on a small hole in a shield 
in front of the photocell, thus guarding 
against dispersed light affecting the reso- 
lution. With available inexpensive lenses, 
it has been found that for a 0.010-inch spot, 
the aperture in the shield can conven- 
iently be a round hole 0.012 inch in 
diameter, a size that can be drilled with 
ease into metal thick enough to provide 
mechanical strength without introducing 
undue parallax. Beyond the aperture the 
cone of light spreads out again. By placing 
the photocell at the proper distance away, 
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jl system, with ond without self-inversion 


4. Chopper 
5. Photocall 
6. Optical inverter 


direct-current amplifiers can readily be 
built, using voltage regulator tubes for 
stabilization, the added complications of 
preamplifier and modulator are unneces- 
sary for limited commercial applications. 
Since the photocell output is to modulate 
another frequency in any case, it is con- 
venient to introduce the "carrier" into 
the optical system, which can be done 
mechanically Between the aperture and 
the photocell is a short distance where 
the light-beam cone is widening and here 
a chopper wheel can be interposed. This 
wheel is a thin metal disc, painted black, 
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with square evenly-spaced teeth on the 
outer periphery. The tooth-width is cho- 
sen to just block the light beam, and just 
allow it to pass through between the teeth. 
‘The size of the wheel and the number of 
teeth are chosen so that a simple 60-cycle 
motor, not necessarily synchronous, can 
drive the wheel at a speed to produce 
interruptions at a rate of 2500 per second 
in the light beam. The output of the photo- 
cell, interrupted at this carrier frequency 
and amplitude-modulated by the reflected 
light intensity, can be amplified by a con- 


+ ventional audio-frequency amplifier. The 


chopper frequency approaches a sine- 
wave, the important harmonies being 
high enough to be ignored in most cases or 
to be removed by a simple R-C filter if 
required. A difference in output from the 
amplifier of at least 20 decibels is expected. 
between reflections from "black" and 
from "white" in the optical system. Where 
purple ink is frequently used, as on tele- 
grams, the addition of a "minus blue" 
filter in the light system has been found 
advantageous. 


Inversion of 


It may be noted that the output signals 
from the photocell amplifier are inversely 
related to the copy; that is, the “white” 
areas reflect more light and therefore pro- 
duce a higher level than the “black” areas. 
While such signals truly represent the 
copy and would be desirable for making 
photographic negatives, they are not suit- 
able for direct recording on electrosensi- 
tive paper where high levels make marks 
and low levels do not. The optical scan- 
ning signals therefore must be inverted 
before the recording can be made in a 
“positive” sense. 

The most advantageous place to locate 
the inversion apparatus depends upon the 
type of facsimile service. In a commercial 
facsimile system which comprises a com- 
munications center with a number of 
tributaries the ratio of transmitting and 
recording equipment at the center to the 
number of connected lines may be con- 
siderably less than one to one, depending 
upon the traffic density. The first Western 
Union Desk-Fax concentrators used a 
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ratio of 1 to 5 but the later ones use a 
ratio of 1 to 10, having only 4 transmitters 
and 6 recorders to meet 100 incoming 
lines. For such an arrangement it is obvi- 
ously desirable to associate as many 
functions as possible with the small num- 
ber of units at the center, thus simplifying 
the construction and reducing mainte- 
nance of the apparatus at the tributary 
offices. 

Signal inverters for use at facsimile 
concentrators are therefore separate elec- 
tronic units which include not only the 
inversion function but also a mild auto- 
matic gain-control action, In addition, by 
partial control of the slope of the “black 
to white” level curve, the differential 
levels from black to white can be 
standardized at about 27 decibels. Thes: 
inverters tend to adjust themselves auto- 
matically to background response from 
the photocells and will therefore give 
satisfactory results from copy on different 
colors of paper, provided the marks are 
ker than their back- 


For small installations of facsimile 
equipment, where the use of the separate 
inverter would only complicate the ar- 
rangement, an optical form of inversion 
associated with each transceiver has been 
found practical This involves an addi- 
tional lens system, with adjustable light 
intensity, passing light directly between 
the exciter lamp and the photocell via the 
chopper wheel. The chopper-wheel teeth 
then alternately pass light reflected from 
the copy and light arriving from the 
auxiliary lens system, An adjustment of 
the intensity of the latter, to equal the 
reflected light when scanning background, 
can be made to produce no appreciable 
a-c output from the photocell. Marks or 
the copy will then unbalance the system 
by reducing the reflected light and pro- 
duce “positive” signals which can be 
reproduced directly, A crossed polaroid 
filter has been found useful for obtaining 
close adjustment of the light intensity. 
While this inverter arrangement operates 
quite well it is somewhat sensitive t 
substitutions of background colors other 
than the one used in the initial balancing. 
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Scanning Mechanisms 


Su far it has proved impracticable to 
move the comparatively large assembly of 
exciter lamp, lens system, and photocell 
at speeds necessary for scanning purposes. 
It is therefore necessary to move the sub- 
ject copy with respect to the optical 
system. The simplest way to accomplish 
this relative motion and obtain continuous 
scanning at constant speed is to wrap the 
copy around a cylindrical drum of suitable 
diameter which can be rotated to develop 
the desired scanning rate in peripheral 
velocity. The required "line feed" at right 
angles to the drum rotation can be 
obtained either by moving the drum along 
its axis or, because the motion is slow and 
limited, by moving the optical assembly 
parallel to the axis of the drum. 

Since the axial progression of sca 


ning 
must be exactly associated with the drum 
rotation to obtain the desired uniform 
spiral scan of the copy, the principle of 
the lathe lead serew connected by gearing 
to the drum shaft was originally used. 
While this arrangement is very practical 
and is still utilized in some transmitters, 
the mechanical components must be care- 
fully designed and manufactured to small 
tolerances, Much less expensive and mor 

rugged is a drive which utilizes a small 
synchronous motor, separate from the 
drum motor, to furnish the axial motion 
ма a rack and pinion. A simple clutch 
mechanism on the small motor plus a 
reiractile spring permits “carriage return" 
without the mechanical complications of 
the half-nuts used on lathe lead screws 
It is of course necessary that the axial 
rogression of scanning be very smooth 
and also that it be very closely parallel 
to the cylinder face in order to keep the 
optical system constantly in focus on the 
copy, Round rod guides have been found 
to be much more practical than lathe-bed 
type rectangular guides. To provide 
smooth frictionless travel, a type of bush- 
ing using ball bearings as pressure agents 
is used where the optical system is moved 


Where the rotating drum moves axially. 
the 
1 


the vil-less type are sufficient, Outboard 
bearings on the drum shaft are desirable 


liding frietion is largely overcome 
rotation, hence sleeve bearings of 
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to improve maintenance of parallelism. 

Rotation of the copy drum at the 
normal moderate speeds requires gears 
between the drum shaft and the driving 
motor if the latter is to have a reasonable 
number of poles. Although it is possible 
to obtain gears of superior quality that 
would give nearly linear torque transfer 
at any desired ratio, such gearing will 


hollow plastic drums 


not remain in the proper state of perfec- 
tion for very long periods. In consequence 
it is more practical to use much less 
expensive gears and obviate nonlinear 
effects by choosing ratios to obtain “cycli- 
cal” operation; ie. the rotation of the 
drum in any given segment of each scan- 
ning line is due to the interaction of the 
same gear teeth. In this way "gea 
pattern" distortion, unless extremely 
severe, is not apparent in the copy. While 
this restriction limits the drum rotational 
speeds available from 60-cycle synchr: 
ous motor drive, the ones obtainable are 
adequate for facsimile purposes. Backlash 
is absorbed by applying a friction brake 
to the driven shaft. A simple brake is 
adequate since only one direction of drive 
is used. 


Holding the Copy 


In addition to providing accurate align- 
ment of machine parts, it is also necessary 
to hold the sending copy in proper posi- 
tion on the drum during the scanning 
process. Wrinkles or bulges in the paper 
cause out-of-focus defects. Skewed edges 
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may be the cause of discontinuous lines 
in the recording. 

Since in moderate speed systems it is 
practicable to wrap the copy on the out- 
side of the drum, the problem is to posi- 
tion the wrap initially and maintain it 
subsequently. The copy page should be 
cut square to fit the drum with some 
overlap, and should be wound-on with 
the upper edge trailing to avoid windage 
troubles. 

Since the recording has been found to 
be best if scanned along the line to be 
scanned by the eye in reading the record, 
the blanks should be designed with this 
fact in mind. A square shoulder or a lip 
machined into the drum at the end where 
scanning begins makes a convenient guide 
for wrapping the blank squarely. A 
lengthwise axial line marking the proper 
place for the inner edge of the overlap 
will locate the edges of the paper for 
phasing purposes and still further facili- 
tate square wrapping. Small toroidal- 
shaped wire springs slipped over the drum 
provide a simple means of confining the 
paper after wrapping. 

One or more of these springs, naturally 
called “garters,” can be used to hold the 
blank in place but must not obtrude into 
the scanned area. To avoid this possibility 
and also to give positive smoothing in the 
scanned area, one spring garter may be 
arranged to be propelled along the drum 
just ahead of the scanning spot by a “gar- 
ter pusher.” Since the latter is usually a 
rounded stiff wire nearly touching the 
copy, its presence further requires that 
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the paper lap be trailing in the direction 
of drum rotation to avoid tearing. The 
round contour of the toroidal garter 
springs facilitates their smooth propulsion 
along the copy by the pusher. 

Where the copy to be sent is narrow 
and relatively stiff, as a ticket or coupon, 
spring garters may not be feasible for 
holding-down purposes. In such cases a 
special drum, recessed for the particular 
copy and with a cylindrical sliding trans- 
parent plastic cover, can be used but only 
where the scanning drums are removable, 
Where the drum is fixed in the machine, 
a flexible “window shade” plastic cover 
can be permanently attached to the drum 
with spring-loaded fastenings that will 
insure tightness on the drum after wrap- 
ping over copy of various thicknesses. 
This arrangement is excellent for all sizes 
of copy and has been used on a trans- 
mitter® which can hold down copy of any 
size between “a postage stamp and a legal 
brief.” 

‘An alternate arrangement for small size 
messages, permitting quick loading, is the 
“milk-bottle” type of drum. This device 
consists of a hollow transparent plastic 
cylinder with uniform parallel walls and 
one open end. Within is a spring-retracted 
weighted "umbrella-rib" assembly which 
flies open under the centrifugal force of 
rotation, and presses against the inside 
wall. A message rolled up and pushed into 
the milk-bottle drum while at rest is 
pressed against the inner wall by the 
"umbrella ribs" while scanning takes 
place through the plastic shell. À cover 
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to be closed over the open end when the 
drum is in operation can include an out- 
board bearing. 

At linear peripheral speeds exceeding 
about 50 inches per second it is difficult 
$ to hold copy on the outside of a scanning 

drum without some kind of tightly fitting 
plastic cover. For speeds in excess of 150 
inches per second the plastic cylinder 
milk-bottle type is advisable. Thin copy 
will cling to the inner walls of such a 
cylinder at high speeds without the assist- 
ing umbrella ribs. The latter are usually 
| added, however, to improve the smooth- 
ness of copy whose stiffness is greater 


than its weight. 
This article will be continued in the 
next issue of Tecnica Review. 


References 

1. Erzcrmosexsitive Reconsixe Рана rox Pacstwitk 
rrscmerm APPARATUS anp Gaarmic Cmar INSTRU. 
Nests GROSVENOR HOTCHKISS, Western Union 
Technical Review, Vel. 3, No. 1, January 1949. 

2. A Елсымик Taaxscerven vox Pickur амр DELIVERY 
Sr Terors, б. M. RIDINGS, Western Union 
Technical Review, Vol. 3, No. 1, January 1949. 
Wesrrax Usron_s0-Line Desx-Fax Coxcenraaron 
AN. BREYFOGEL, Western Union Technical Review 
Sol 4, No. 1, January 1950. 

4. Ax Iursoven зак Рах Taansexiven, б. H. RIDINGS 
ged Ro J. WISE, Western Union Technical Review 
Val. 6, No. з, July 19 

5. Pace Stax Расми Teaxswrrren, J. Н, HACKEN: 
BERG, Western Union Technical Review, Vol. 7, No. 1, 
January 1955 


Photos courtesy Maurice Crosby of Halifax Mail-Star, and Bell Labs 


The cable schooner Wi 
Key West, Flo 


The Telegraph Company’s cable schooner 
Western Union, which normally plies shal- 
lower waters around Florida, Cuba and the 
Caribbean area, voyaged almost 3000 miles 
last year from her home port of Key West to 
Halifax and reurn for a cargo of submarine 
cable. 

Usually such cargo is delivered by one of 
the company’s ocean-going vessels—Lord 
Kelvin or Cyrus Field—but when both were 
busy at sea the yacht-like Western Union 
made the voyage north. She is a trim two- 
master of 92 tons gross, 96 feet over-all, and 
Powered by two 40-horsepower engines but 
uses sail as well with favorable winds. She 
has a capacity of over 50 tons of heavy, shore 

nd cable and is being equipped this year 

with improved cable handling machinery. 
The Western Union frequently is chartered 
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lern Union, a trim, twin-screw vessel operating out of 
‘end her master Captain Gerold R. Steadman. 


to assist in the maintenance of other com- 
pany's cables in the Caribbean, and partici- 
pated with C. S. Lord Kelvin in 1950 in the 
laying of new repeatered voice-frequency 
cables between Key West and Havana. 

Built in 1939, she is the third cable schoo- 
ner to be commanded by Captain Gerald R. 
Steadman, a veteran of more than 50 years at 
sea. Her crew, when cable work is being 
done, numbers 14 men. 

With splendid cooperation from Thompson 
Enterprises, Inc., owners of turtle fisheries 
and a large fleet of fishing craft operating 
out of Key West, the cable schooner is pro- 
vided with the finest of marine service 
facilities. The vessel is included in the 
International Communications Department's 
fleet. 
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A Small Office Teleprinter Concentrator— Plan 8 


R. V. MORGENSTERN and H. BUCHWALD 


Durtne the period when nearly all 
traffic was handled by Morse methods, 
the heavy trunk circuits were duplexed. 
That is, a sending and a receiving opera- 
tor, seated side by side, worked with a 
similar pair of operators at the distant 
office. All of the equipment necessary to 
permit duplex operation was mounted on 

* the operating tables. It was the function 
of the operators not only to send or 
receive messages, but to make such 
adjustments of the instruments as were 
necessary to keep the circuit working 
satisfactorily. It was early recognized by 
the engineers that Morse operation and set 
adjustment were two separate functions. 

The first step, therefore, was to remove 
the balancing equipment from the operat- 
ing tables, leaving the operators free to 
devote their entire attention to the han- 
dling of messages. On those circuits which 
were not duplexed, the loads were fre- 
quently insufficient to keep an operator 
continuously busy. This was especially 
true of the way circuits which were cut 
in at many small stations along the rail- 
roads, and also of the lines connecting 
city branch offices to the central office. 

To improve upon this condition, the 
Engineering Department developed Morse 
concentrators. For the city wires, which 
had only one station per line other than 
the main office, the problem was fairly 
simple. If the outer office called he could 
call only the main office, and the concen- 
trator was arranged to light a lamp and 
keep it lighted until the main office 
answered. Eight lines were the usual num- 
ber concentrated on four positions. Thus 
only the number of operators who could 
be kept continuously busy by the load of 
all eight wires needed to be assigned to 
any unit. This Morse concentrator is the 
familiar Plan 1 Concentrator, some of 
which are still in use. 

With the introduction of teleprinters for 
branch office (or city line) service, it was 
at once recognized that, with concentra- 
tion at the main office, this convenient 
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method of transmission could be furnished 
to offices which did not have sufficient 
load to keep a wire continuously busy. 

The first teleprinter concentrators were 
adaptations of the city line Morse concen- 
trator. They accomplished their purpose, 
but it was foreseen that with the increas- 
ing growth of teleprinter service greater 
concentration would be required, or 


mounting operating costs in the main 
office would retard the growth of tele- 
printer service, particularly its extension 
This led to the multiple 


to customers. 


А Plan 2 Concentrator 
large office 


Figure 1 stallation in а 


turret printer concentrator known as Plan 
2. One hundred lines were selected as the 
unit group to be installed before any oper- 
ator. This type of concentration was 
designed for large central offices in the 
cities. Figure 1 shows a Plan 2 installation 
in a large office. 

For the smaller offices located in small 
towns, some form of concentration was 
also required to terminate tie lines of sub- 
scribers in the surrounding area. In some 
instances the Plan 1 Concentrator, which 
could easily handle the small number of 
tie lines involved, was utilized. Due to 
the space required by this concentrator, 
however, it was not very practical for use 
in small commercial offices where space 
is usually at a premium, This led to the 


APRIL 1954 


Figure 2. A Plan 3 Cor 


development of the Plan 3 Concentrator, 
having a capacity of three tie lines. Where 
more than three tie lines had to be termi- 
nated, additional units were added to the 
operating tables as required. Figure 2 
shows a Plan 3 installation. 

An answer lamp, on the front of the 
concentrator cabinet located over the tie- 
line jack, lights when a call is placed by 
the subscriber, The branch office operator 
answers by plugging a cord circuit into 
the concentrator jack. Both the branch 
office printer and the subscriber's printer 
are connected in the line, with battery 
furnished by the concentrator 


Plan 8 Concentrator— 
General Considerations 


As the number of tie lines to some of 
the smaller offices increased, more Plan 3 
units were added until in some cases the 
installations became difficult to handle 
from an operating standpoint. When the 
fundamental planning for the large i 
crease in the reperforator system was 
Carried out, it was decided to move the 
tie-line and other circuits from the reper- 
forator centers to branch and tributary 
offices; by 1946 it was evident that it 
would be necessary to design a new tele- 
Printer concentrator for use in small 
offices, The resultant concentrator is 
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Figure 3. Plan 8 Concentrator Turret 


known аз Teleprinter Concentrator 
Plan 8. 

It was desired to make this concentrator 
as flexible as possible and to secure maxi- 
mum concentration with a minimum of 
expense, After study it was decided that 
the concentrator should be made for a 
maximum of 50 tie lines grouped in units 
of 10 and associated with an operating 
table holding four printers. 

The use of a smaller turret for offices 
with fewer tie lines was considered. How- 
ever, the idea of providing one turret 
concentrator housing, in which the num- 
ber of tie lines terminated could be ex- 
panded from 10 to a maximum of 50 in 
steps of 10-line concentrator units, was 
adopted since it contributed to standard- 
ization of equipment. Experience indi- 
cated that four printers would, in most 
cases, handle 50 lightly loaded tie lines 
and if there were fewer tie lines one or 
more of the printers could be omitted. 
It was also decided that only tie lines 
and Class A circuits were to be termi- 
nated directly in the concentrator. 

Studies soon showed that some of the 
larger offices in which Plan 8 Concentra- 
tors were to be installed had peak loads 
greater than could be handled with four 
teleprinters, and accordingly the concen- 
trators would have to be arranged so that 
any number of them could be connected 
in multiple 


Concentrator Turret 


The Plan 8 Concentrator Turret, Figure 
3, combines into a compact unit all of the 
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equipment required to terminate up to 
50 teleprinter tie lines. This equipment 
is contained in a metal cabinet approxi- 
mately 2 ft. by 2 ft. by 1 ft. The cabinet in 
turn is divided into five removable con- 
centrator shelves, one line resistor shelf 
and one potential shelf. The tie-line cir- 
cuits are connected to the resistor shelf 
of the cabinet. From there each tie line 
continues through a variable resistor and 
then, in groups of ten, are connected 
through a flexible cable to one of the 
removable concentrator shelves. Here 
' each tie line is connected to a jack, 
answer lamp relay and a battery tap 
resistor. Figure 4 shows a concentrator 
shelf. 
Access to the contacts of the answer 
lamp relays is obtained by removing 
ectangular panels fastened by friction 
catches to the cabinet. When necessary 
for maintenance, the entire concentrator 
shelf can be withdrawn from the cabinet 
without unsoldering the cable between the 
concentrator shelf and the resistor shelf. 
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Figure 4. Concentrator shelf 


The resistor shelf is located in the top 
of the cabinet and is accessible by opening 
a hinged cover. A resistor is associated 
with each tie line. The resistors are 
mounted in upright positions, in groups 
of ten for each concentrator shelf. They 
are connected between two rows of ter- 
minal blocks, one of which is used to 
terminate the tie lines, and the other to 
terminate the cable to the concentrator 
shelf. 

The potential shelf located at the bot- 
tom of the concentrator cabinet contains 
fuses, toggle switches and a circuit 
breaker, and provides d-e power for the 
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concentrator shelves. The potential shelf 
also contains three trunk jacks to the 
switchboard which are used in testing 
line circuits, and a fourth jack for “paste- 
overs.” Two lamps are provided in the 
potential shelf to indicate the position of 
a lever key used to reverse the upper and 
lower cord circuits on the left side of the 
operating table. 


Operating Table 5048 


The first Plan 8 Concentrator operating 
table designed is shown in Figure 5 and 
is designated as Operating Table 5048-A 
Only one concentrator shelf is shown in 
the cabinet, with filler plates in the spare 
positions. The table is 27 inches wide and 
66 inches long; a concentrator turret is 
mounted on the top toward the rear and 
slightly to the right of center. Two double- 
decked teleprinters are mounted on each 
side of the concentrator cabinet, and four 
cord circuits and plug standards are 
located between a gumming desk and the 
front of the concentrator cabinet. The 
double-decked teleprinters on the left side 
of the table are normally used for sending 
to the tie lines. A lever switch adjacent 
to the lower printer is used to switch the 
cord circuits of the two printers. The two 
printers on the right-hand side of the 
table are normally used to receive from 
the tie lines, but any printer can be used 
either to send or receive 

Associated with each pair of the double- 
decked teleprinters is a wiring cabinet 
which is mounted under the table top 


Figure 5. Operating Table 5048-A 
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Each wiring cabinet contains the equip- 
ment necessary for two cord circuits, one 
for each teleprinter. The teleprinter cords 
and plugs pass through a slot in the table 
top to the jacks and receptacles in the 
top of the wiring cabinet which is sus- 
pended below the top surface of the table. 

Figure 6 is a schematic wiring of two 
table cord circuits and a tie-line termina- 
tion in the concentrator cabinet. The dia 
gram does not include the cord circuits 
associated with the teleprinters on the 
right side of the table. 

Each tie line has associated with it a 
jack, an answer lamp, an answer lamp 
relay, a variable line resistor and battery 
tap resistors. Each line is normally termi- 
nated to positive battery at the concen- 
trator during idle periods. For the idle 
line condition, the answer lamp relay is 
held operated by the line current passing 


through the primary winding of the relay. 
With the relay energized, its two sets of 
contacts are in the open position. The 
operator at the customer's office indicates 
that she desires to send a message by 
momentarily depressing a button located 
on the operating table or console. This 
causes the line to open thus sending to 
the concentrator a spacing signal which 
releases the answer lamp relay at the 
concentrator. 

The release of the answer lamp relay 
causes both sets of contacts to close. One 
set short-cireuits the primary winding 
thus preventing the relay from operating 
again when the line closes. The second 
set of contacts completes a circuit which 
causes an answer lamp to glow, indicating 
the line which has a message to send. In 
addition, a supervisory lamp on top of the 
concentrator cabinet glows. 
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Schematic wiring of two table cord 


circuits ond е tie-line termination im the 
cabinet 
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The operator answers the call by select- 
ing one of the available cord circuits and 
plugging the associated plug into the line 
jack. As the plug is inserted a set of con- 
tacts on the jack opens, removing the 
positive battery from the line. Another 
set of contacts on the jack closes, to 
transfer the line to the tip of the jack 
The line circuit is carried to the wiring 
cabinet of the 5048 Operating Table by 
the cord and teleprinter keyboard con- 
tacts, the windings of a Single Current 
Relay 41-C, to a contact on a power relay. 
Negative battery is applied to this contact 
when the power relay is operated 

A circuit is also established through the 
sleeve of the plug in the tie-line jack, so 
that a current flows from the battery tap 
resistor in the concentrator cabinet, 
through the secondary winding of the 
answer lamp relay, through the windings 
of the power relay in the wiring cabinet 
to ground, Both the answer lamp relay 
and the power relay are caused to operate. 
Operation of the former extinguishes the 
answer lamp, the power relay starts the 
teleprinter motor, and applies negative 
battery to the line. At the distant end, 
the customer's teleprinter motor operates 
upon the reversal of the line current. 

The operator sends a "GA" (Go Ahead) 
to the tie-line office from the teleprinter 
keyboard. Upon completion of the mes- 
sage from the tie-line customer, the opera- 
tor acknowledges that the message has 
been received and removes the cord cir- 
cuit plug from the jack. Removing the 
plug restores positive battery to the 
line and releases the power relay which 
turns off the teleprinter. 

If the operator at Operating Table 5048 
has a message for a tie-line customer, she 
plugs a cord circuit into the correct jack 
and after getting a "go ahead" from the 
customer starts sending, using the key- 
board on the lower left-hand printer. If 
the customer is slow in acknowledging 
receipt of the message, the operator moves 
the lever switch up, which transfers the 
lower printer into the cord circuit nor- 
mally associated with the upper printer 
and vice versa. The operator can then 
plug up the second cord circuit and send 
io another customer while receiving an 
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acknowledgment on the upper printer. 
Lights located in the potential shelf of 
the concentrator cabinet indicate which 
of the two cord circuits is connected to 
the lower printer. 

To make teleprinter copy locally, one 
of the cord circuits on the table can be 
plugged into the "paste over" jack located 
in the potential shelf. This jack is 
arranged in a local circuit to supply a 
dummy line and also to operate the power 
relay associated with the teleprinter. 

In general, tie-line conductors are 
brought direct to the Plan 8 Concentra- 
tor Cabinet without going through a 
switchboard. If a tie line is in trouble, the 
jack associated with it in the concentrator 
shelf can be patched to one of three trunk 
jacks located in the potential shelf by 
means of a double conductor cord and 
plugs. The trunk jacks in turn are carried 
to a test board where the tests can be 
made on the line. 


Operating Table 5592-A 


Provision is made in the 5048-A Table 
to accommodate cord and plug connec- 
tions for a fifth and a sixth teleprinter, 
supplementing the four mounted on the 
5048-A Table where they are not enough 
to meet the peak tie-line load conditions. 
These fifth and sixth teleprinters are 
usually employed only to receive mes- 
sages from the tie lines. In those offices 
where it is necessary to increase the num- 
ber of cord circuits an Operating Table 
5592-A is used. This table mounts two 
double-decked teleprinters with their 
associated wiring cabinets and is installed 


Table 5048-А and 
Toble 5592-A 


Operating 
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next to Operating Table 5048-A. In Figure 
7, which pictures a portion of a Plan 8 
installation in a large branch office, an 
Operating Table 5592-A is shown immedi- 
ately to the right of a 5048 Table. 


Multipled Concentrator Operating Positions 


Where the peak load of the circuits 
assigned to an Operating Table 5048-A 
cannot be handled with six teleprinters, 
one or more additional Operating Tables 
| 5048-A are connected in multiple with the 
first table. That is, to each tie line there 
are connected as many jacks as there are 
concentrator positions in multiple, one 
jack at each concentrator cabinet. From 
a traffic handling viewpoint all of the 
tables connected in multiple are operated 
alike. When a customer originates a call, 
an answer lamp lights on each table 
and is extinguished when any operator 
answers the call. Likewise, calls to any 
customer can be originated from any 
table. 

However, in the design of the circuits, 
the concentrator cabinet located on the 
first operating table is a master unit 
which contains the answer lamp relays 
and line resistors, as well as answer lamps 
and jacks. All the other concentrators 
connected in multiple are auxiliary con- 
centrators equipped only with jacks and 
answer lamps. 

The fundamental operation of the con- 
centrator circuits is the same as described 
for Operating Tables 5048-A except that 
one feature is added. All cord circuits are 
arranged so that if one teleprinter is 
plugged up to a tie line and the cord cir- 
cuit plug of another teleprinter is inserted 
in the corresponding tie-line jack at a 
multipled concentrator cabinet, the second 
cord circuit will be inoperative. 

This is accomplished as follows. Nor- 
mally, when a cord circuit connection is 
made to the concentrator jack, (and as 
Pointed out for the operation of single 
concentrators) a circuit is established 
from a source of battery in the concentra- 
tor cabinet, through the secondary wind- 
ing of the answer lamp relay, the sleeve 
of the tie-line jack, the power relay wind- 
ing in the wiring cabinet, to ground. This 
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causes the power relay to operate, which 
starts the teleprinter motor and supplies 
negative battery to the tie line. In the 
cord circuits used in multiple concentra- 
tor operation, an increment relay replaces 
and controls the power relay. The incre- 
ment relay has two windings, one high 
resistance and one low resistance. 

Figure 8 is a schematic circuit illustrat- 
ing two concentrator cabinets in multiple. 
In front of the tie-line jack at each con- 
centrator cabinet is a teleprinter cord cir- 
cuit with its increment relay. The high 
resistance winding on the increment relay 
is 500 ohms and the low resistance wind- 
ing is 40 ohms. 
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Figure 8. Schematic circuit of two concentrator 
cabinets in multiple 


When the plug of cord circuit No. 1 is 
inserted into jack No. 1 at the first con- 
centrator cabinet, the increment relay 
pulls up, connecting the 40-ohm winding 
in parallel with the 500-ohm operating 
winding. This reduces the voltage between 
the sleeve of jack No. 2 and ground to 
approximately 3 volts, which is insuffi- 
cient to pull up the increment relay in 
cord circuit No. 2, should it be plugged 
into jack No. 2. Thus it is not possible for 
an operator to get a connection to a busy 
tie-line circuit. 

Plan 8 Concentrators in offices having 
а sufficient tie-line load are provided with 
a "sending only" table at which messages 
are prepared in tape form and sent from 
a distributor-transmitter. Figure 9 shows 
a sending only table which is connected 
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in multiple with the operating tables 
shown in Figure 7. Operator efficiency is 
increased by use of this table since mes- 
sages may be prepared while others are 
being sent. As shown in the photograph. 
Operating Table 3534 is equipped with a 
concentrator cabinet to which the tie 
lines are brought. 


Figure 9. 


Two cord circuits allow connection to 
be made from the table equipment to any 


tie line. Each cord cir 


iit contains a dis- 
tributor-transmitter and a relay-operated 
monitor printer, Means are provided to 
prevent the monitor printer from copying 
traffic from the table to the tie line, while 
allowing traffic originating at the cus- 
tomer's office to register on the printer 
tape. Each cord circuit is also provided 
with a "stop on blank" arrangement to 
release automatically the distributor- 
transmitter clutch magnet. 


The messages prepared in tape form are 
placed in the distributor-transmitter. The 
operator, noting the customer's call letters 
at the beginning of the tape, inserts the 
plug of the cord circuit associated with 
the lower distributor-transmitter into the 
proper tie-line jack. A push button 
located below the distributor-transmitter 
is operated and the message is sent to the 
customer's office. At the end of the mes- 
sage, the blanks perforated in the tape 
cause a relay in the cord circuit to release 
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and stop any further transmission from 
the distributor-transmitter. 

If the next portion of the perforated 
tape contains a message for another office 
and an acknowledgment is desired, the 
lever switch on the table is operated 
This transfers the lower distributor-trans- 
mitter to the second cord circuit; the 
upper, with its associated monitor, is con- 
nected to the first cord circuit, which 
remains corded to the tie line to which 
ihe message has just been sent. This 
allows the customer's acknowledgment of 
the message to be received on the monitor 
printer, while the lower distributor-trans 
mitter can be connected to the next tie 
line for transmission. 

Since the sending table is always used 
in multiple with one or more Operating 
Tables 5048-A, its cord circuit is equipped 
with an increment relay which prevents 
the operator from getting in on a busy 
circuit 

One interesting feature of this table is 
that the lamps associated with each line 
jack are equipped with red lamp caps and 
have their circuits so arranged that they 
light whenever the tie-line circuit is in 
use at some other table. Thus instead of 
indicating an incoming call they indicate 
that the tie line is busy. 


Teleprinter Ti 
Rack 6776-A 


ine Concentrator 


In certain offices it is necessary, because 
of space considerations, to limit the num 
ber of Operating Tables 5048-A installed. 
Under these circumstances Teleprinter 
Tie-Line Concentrator Rack 6776-А is 
used, with one or more Teleprinter Tie- 
Line Receiving Racks 6777-A. The con- 
centrator rack is an angle-iron table 
38 inches high by 24 inches deep and 
33% inches wide. A teleprinter tie-line 
concentrator cabinet is mounted on the 
table toward the right and rear on the 
table top. In front of the cabinet are as 
many as 10 cord circuits, 2 for each receiv- 
ing rack. Included on the concentrator 
rack is a time stamp, a sent message file 
box and a message number sheet. 
Teleprinter Tie-Line Concentrator Rack 
6776-А and Receiving Rack 6777-A are 
used for receiving only, and are always 
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Мг. Morgenstern's biography appeared in the April 1953 issue of TeciiicAt. Review. 


H. Buchwald entered Postal Telegraph 
service in 1929 as a student in the Company's teleprinter 
school. Shortly thereafter he was made supervisor of out- 
side teleprinter maintenance in the New York City area 
Upon graduating from Newark Technical School in 1938 
with a degree of Associate Engineer in Electrical Engineer- 
ing, he became Shop Foreman, and during Postal's semi- 
automatic program was transferred to the inspection 
department. Following merger of Postal and Western 
Union, Mr. Buchwald entered the D. & R. Department as 
senior engineering assistant, working on light beam trans- 
mission. Later he was transferred to Applied Engineering 
and subsequently made an engineer. He is presently 
engaged in work on teleprinter concentrators, repeaters, 
operating tables and wiring cabinets. Mr. Buchwald is an 


associate member of AIEE. 


used in multiple with an Operating Table 
5048-A or 5534-B. The receiving rack 
mounts two page printers, one above the 
other. Up to five receiving racks are asso- 
ciated with one concentrator rack. Only 
the upper position teleprinter is equipped 
with a keyboard, but by means of a lever 
switch on the receiving rack, the key- 
board can be connected into either printer 
circuit. The receiving rack is 57 inches 
high, 26 inches deep and 24 inches wide. 
The electrical circuits of these two racks 
are the same as those of an Operating 
Table 5048-A. 

As mentioned in the early part of this 
Paper, the Plan 8 Concentrator was 
originally designed to handle Class A 
circuits only. These circuits are defined 
as those with battery at the office end 
supplying 70 milliamperes of line current 
to a ground at the distant end. Class A 
circuits are further limited in that the 
leakage due to wet weather must not 
exceed 30 milliamperes. 

Due to the use in tie lines of small- 
gauge cable conductors leased from the 
Telephone Company, it was soon neces- 
sary to arrange some of the circuits in the 


PLAN 8 CONCENTRATOR 


concentrator cabinets so that they could 
work to positive battery instead of ground 
at the distant end. This necessitates 
making the idle line battery negative 
instead of positive. Except for the fact 
that polarized motor control cannot be 
used at the customer's office, these circuits 
are handled the same as Class A; that is, 
any of these tie lines can be handled from 
any operating position at the concentrator. 

The next variation came when it was 
found desirable to terminate agency 
offices operated over Class B circuits 
directly in Plan 8 Concentrators. Since 
Class B circuits may have leakage cur- 
rents as high as 60 milliamperes and 
normal line operating currents of 120 
milliamperes, it was necessary to modify 
the cord circuit of one of the four operat- 
ing positions on a 5048-A Table and assign 
it exclusively for use with Class B circuits 
In addition, the answer lamp relays 
assigned to these circuits must have their 
line windings shunted by a resistor equal 
in value to the resistance of the winding. 


The latest, but undoubtedly not the 
last, requirement to be met is the termina- 
tion of Type 20 Carrier Channels on a 
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half-duplex basis directly into a Plan 8 
Concentrator which can also handle Class 
A, BT and B circuits. Without going into 
detail, this is accomplished by supple- 
menting the wiring cabinets normally on 
a concentrator operating table with a 
switching cabinet. The polarity of battery 
on the sleeves of the jacks in the con- 
centrator cabinet is made negative with 
respect to ground for carrier channel 
terminations and positive for all other 
cireuits. A low impedance polar relay in 
that portion of the cord circuit associated 
with the sleeve of the tie-line jacks pulls 


up on negative polarity and arranges the 
line section of the cord circuit for opera- 
tion with Type 20 Carrier Channels. 

The arrangement enables any oper- 
ating position except those assigned to 
Class B circuits to be used indiscrim- 
inately by the operator with Class A, BT, 
or Carrier Channel Terminations. 

From the foregoing it can be seen that 
the Plan 8 Concentrator is a versatile 
means of terminating lightly loaded tele- 
printer circuits. Developments now con- 
templated will still further increase its 
utility. 


Laboratory 


In microwave laboratory tests and in the 
maintenance of radio relay systems, means 
of monitoring or measuring the frequency 
and power in a waveguide line often is re- 
quired. Sometimes this is accomplished by 
the use of a directional coupler which accu- 
rately extracts a known amount of energy 
over a wide frequency range without ad- 
versely affecting transmission in the wave- 
guide. However, in many situations it is 
satisfactory and much simpler to insert a 
probe into the waveguide to obtain the neces- 
sary power needed for measuring purposes. 
This arrangement is not as expensive and 
takes up less space than a directional coupler. 

Necessary information for determining the 
probe length for a given amount of coupling, 
and the Voltage Standing Wave Ratio 
(VSWR) due to the presence of the probe 
in the waveguide has been provided in a 
graph. These curves are for a particular 
design of waveguide known as WR-229 with 
a probe made from RG-58/U coaxial cable 
mounted in the center of the broad face of 
the waveguide. As an example of their use, 
if a coupling of 20 db is desired, then from. 
the curve marked "coupling" it is determined 
that the probe length must be about 0.35 
inch long. Such a probe will result in a 
VSWR of approximately 112, or 1 db, as 
indicated on the VSWR curve. 

One method of construction is to drill a 
hole 0.113 inch in diameter in the center 
of the broad face of the waveguide, center 
over the hole the flange of a UG291/U con- 
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nector which has the head removed, and 
solder it to the waveguide. The jacket and 
outer conductor of the RG-58/U cable are 
stripped back to permit the inner conductor 
and dielectric to extend the desired distance 
into the waveguide, and the connector then 
assembled with the outer conductor of the 
cable fastened in the normal manner-- 

Н. E. Srinenewrer, SR. 
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